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PREFACE
The work d e s c r ih e d  h e re  was c a r r i e d  o u t  i n  th e  d ep a r tm en t o f  
N a tu r a l  P h i lo so p h y  o f  Glasgow U n iv e r s i ty ,  o v er  a p e r io d  o f  
a p p ro x im a te ly  f i v e  y e a r s ,  en d in g  i n  F eb ru a ry  1954. The i n v e s t i g a t i o n s  
a re  d e s c r ib e d  i n  c h a p te r s  1, 2, and 3 o f  th e  t e x t ,  and th r e e  
i n t e r l o c k i n g  a s p e c t s  o f  th e  y - r a y  p ro c e s s  a re  e s s e n t i a l l y  c o n s id e r e d ,  
v iz» s p e c tro s c o p y ,  l i f e t i m e ,  and s p a t i a l  d i s t r i b u t i o n .  The 
i n t r o d u c t i o n  f i r s t  i n d i c a t e s  th e  background o f  th e  s c i n t i l l a t i o n  
method, and th e n  d e a l s  w ith  th e  u n d e r ly in g  th e o ry  and b a s i c  work 
a s s o c ia te d  w ith  th e  th r e e  Y -ray  a s p e c t s  i n  t u r n .
The a u th o r  acknow ledges s u g g e s t io n s  from  Dr. S. C. C u rran  c o n c e rn in g  
the  two c r y s t a l  method (C h .1 ,§ 2 ) ,  and th e  La^^^ decay  scheme (Ch. 1 ,§ 3 ) ;  
a l s o  measurement work on La^"^^ by Dr.R . C.Bannerman v/ho d e te rm in ed  
f i g s . 6 and 9.
gmlSl 22id Eu^^^ ( c f .  Ch. 1 ,§ 4 )  were b e in g  s tu d ie d  i n  th e  l a b o r a to r y  
by Dr.H .W .W ilson u s in g  p r o p o r t i o n a l  c o u n te r  m ethods; th e  a u th o r  was 
approached  to  i n v e s t i g a t e  a s p e c t s  r e q u i r i n g  s c i n t i l l a t i o n  c o u n te r s .
C oncern ing  C h . 2 , § 3 , ( i - v i ) ,  M r.A .T .G .Ferguson  a s s i s t e d  by p r e p a r in g  
some o f  th e  a n c i l l a r i e s  and by s u g g e s t io n s .
The a u th o r  c o l l a b o r a te d  w i th  M r.A .T .G .Ferguson  i n  th e  work 
r e f e r r e d  to  i n  C h .2 ,§ 4 ,  by s u g g e s t io n s ,  by p ro v id in g  a u x i l i a r y  
equ ipm en t, and by c a r r y in g  o u t  th e  m easurem ent work o f  f i g s .  36 and 37.
In  c o n c lu s io n ,  the  a u th o r  w ishes  to  th an k  P r o f . P . I .  Dee f o r  h i s  
i n t e r e s t  i n  the  work, D r .S .C .C u r ra n  f o r  d i s c u s s io n s  on r a d io a c t iv e  
decay , and D rs . J .G .R u th e rg le n  and R .D .Sm ith  f o r  a c c e s s  to  th e  h ig h  
t e n s io n  s e t  a t  one s ta g e  o f  t h i s  work.
I J u l y  1954 .
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INTRODUCTION
INTRODUCTION.
GENERAL SURVEY.
On th e  o l a s s i o a l  t h e o r y ,  th e  in c id e n c e  o f  th e  s m a l le s t  amount 
o f  y - r a d i a t i o n  in  m a t t e r  was e x p e c te d  t o  be fo l lo w ed  by s c a t t e r i n g .  
I t  i s  now known, how ever, t h a t  a  group o f  s e v e r a l  q u an ta  can  p a s s  
th ro u g h  r e l a t i v e l y  l a r g e  b u lk s  o f  m a t e r i a l  w i th o u t  e f f e c t .  The 
im pact o f  a  y - ra y  i n  m a t t e r  i s  i n  g e n e r a l  a t te n d e d  by th e  e n e r g i s ­
in g  o f  one o r  more p a r t i c l e s ,  u s u a l l y  e l e c t r o n s ,  which in  t u r n  can  
p roduce  e x c i t a t i o n  and i o n i s a t i o n .  O b s e rv a t io n  o f  th e  l a t t e r  
e f f e c t s  l e a d s  to  in fo rm a t io n  on th e  l i b e r a t e d  p a r t i c l e s  and th e n c e  
t o  a s p e c i f i c a t i o n  o f  th e  y - r a y  concerned .
The o f t e n  i n e f f i c i e n t ,  and i n h e r e n t l y  i n d i r e c t  form  o f  d e t e c t ­
io n  and measurement h as  made y - ra y  work d i f f i c u l t .  V /h ils t 
i n d i v i d u a l  e v e n ts  co u ld  be s tu d ie d  by c loud  chamber m ethods, and 
more r e c e n t l y  by p h o to g ra p h ic  t e c h n iq u e s ,  l a r g e r  s u rv e y s  have been 
u n d e r ta k e n  by s p e c t r o m e te r s  and v a r io u s  form s o f  g a s  c o u n te r ,  th e  
Y e f f i c i e n c i e s  o f  which a re  in  g e n e r a l  low. The re q u ire m e n t  f o r  
a  c o u n te r  p e r m i t t in g  e f f i c i e n t  d e t e c t i o n  and m easurement o f  Y-ray 
en e rg y  h as  been a  v e ry  r e a l  o ne , p a r t i c u l a r l y  f o r  c o in c id e n c e  
s t u d i e s .
The in t ro d u c t io n  and development of the  s c i n t i l l a t i o n  co u n te r , 
a c t iv a te d  by the  f lu o re sc e n t  l i g h t  from e x c i te d  atoms and m olecules 
u s u a l ly  in  condensed m a te r ia l s ,  has s a t i s f i e d  t h i s  need over la rg e  
Y-ray energy reg io n s .
Though th e  s c i n t i l l a t i o n  c o u n te r  has  found most immediate 
u s a g e /
-  s —
u sag e  i n  th e  f i e l d  o f  y - r a y  work, a t t r i b u t e s  and developm en ts , 
such  a s  th o s e  a s s o c i a t e d  w i th  f a s t  r e s p o n s e ,  have g iv e n  i t  
c o n s id e r a b le  v a lu e  in  o t h e r  f i e l d s  o f  i n v e s t i g a t i o n .
W ith th e  a v a i l a b i l i t y  o f  a method f o r  exam ining I n d iv id u a l  
y - r a y  e v e n ts  q u a n ta t i v e ly  and e f f e c t i v e l y ,  d e t a i l e d  s t u d i e s  can 
be made o f  th e  p ro c e s s e s  a s s o c i a t e d  w i th  t h e s e  e v e n ts .  Three 
ty p e s  o f  in fo rm a t io n ,  g e n e r a l l y  i n t e r l i n k e d ,  on Y -ra y s  and th e  
y - r a y  p ro c e s s e s  a re  r e q u i r e d ,  and w i l l  be c o n s id e re d .  They can 
be l i s t e d  a s  f o l l o w s : -
1. S p e c t ro s c o p ic  d a t a ,  co n c e rn in g  th e  y - r a y  energy  and i n t e n s i t y
2. L i f e t im e  f i g u r e s ,  r e f e r r i n g  to  th e  o r d e r in g  and t im in g  o f  
e v e n ts .
3 .  S p a t i a l  s p e c i f i c a t i o n s  o f  th e  y - r a y s ,  i n t r i n s i c a l l y  r e l a t e d  
to  s p in .
I n  th e  t e x t  i t  w i l l  be found co n v e n ie n t  t o  a s s o c i a t e  w ith  th e  
te rm  s p e c tro s c o p y ,  a l s o  prompt c o in c id e n c e  s p e c tro s c o p y ,  in v o lv in g  
a  knowledge o f  th o se  e v e n ts  which a r e ,  b ro a d ly  sp e a k in g ,  tim e 
c o in c id e n t  w ith  one a n o th e r ,  i . e . ,  which be long  to  th e  one p a re n t  
d i s i n t e g r a t i o n .  As f o r  l i f e t i m e  work, s in c e  th e  s c i n t i l l a t i o n  
c o u n te r  p la y s  a dominant r o l e  i n  th e  s h o r t  l i f e t i m e  r e g io n ,  
em phasis  w i l l  be p la c e d  on t h i s .  The s p a t i a l  r e l a t i o n s h i p s  can  
concern  y - r a y  a n g u la r  d i s t r i b u t i o n  and c o r r e l a t i o n  i n v e s t i g a t i o n s .  
These t h r e e  a s p e c t s  can  be l in k e d  w i th  th e  t h r e e  c h a r a c t e r i s t i c  
p r o p e r t i e s  o f  th e  s c i n t i l l a t i o n  c o u n te r ,  v i z . , u n i f o r m i ty ,  sp eed , 
and e f f i c i e n c y  o f  th e  r e s p o n s e ,  r e s p e c t i v e l y .  In  th e  fo l lo w in g  
p a g e s /
-  3 -
pages o f  th e  I n t r o d u c t i o n ,  th e  e s s e n t i a l  p r o p e r t i e s  o f  th e  
s c i n t i l l a t i o n  c o u n te r  a re  f i r s t  d i s c u s s e d ,  w i th  s p e c i a l  r e f e r e n c e  
to  T - ra y  a b s o r p t io n  and te c h n iq u e ;  th e  t h r e e  a s p e c t s  o f  a  y - r a y  
p ro c e s s  a r e  th e n  c o n s id e re d  i n  more d e t a i l .
§ 1. THE DE7BL0PMBHT OF THE SCINTILIAIIOIJ COMTBR FOR Y tBAT WORE.
(1) The S c i n t i l l a t i o n  C oiin tS r.
Fluo]%oenoe h a s  p la y e d  an im p o r ta n t  r o l e  i n  th e  b u lk  d e t e c t i o n  
of r a d i a t i o n s .  U l t r a  v i o l e t  l i g h t  p roduced  d i r e c t  o p t i c a l  
e x c i t a t i o n ;  ca thode  r a y s ,  X r a y s ,  and th e  e a r l y  r a d i o a c t i v e  
r a d i a t i o n s  p roduced  p a r t i c l e  e x c i t a t i o n  o f  th e  a p p r o p r i a t e  
o p t i c a l  l e v e l s .  In  v iew  o f  th e s e  a p p l i c a t i o n s ,  many p a r t s  o f  th e  
s u b je c t  have been c l o s e l y  s tu d i e d  i n  th e  p a s t ,  p a r t i c u l a r l y  th o s e  
r e l a t i n g  t o  cathodolum inescence ( c f .  e . g . , S to k e s  (1 8 5 2 ) ,  R 5ntgen 
(1 8 9 5 ) , B e c q u e re l  (1 8 9 6 ), L enard  (1903) ) .  The s c i n t i l l a t i o n  
d e t e c t i o n  o f  s in g le  heavy p a r t i c l e s  was o f  much im portance  i n  e a r l y  
r a d io a c t iv e  work ( c f .  e . g . , C rookes (1903) ) ,  b u t  th e  v i s u a l  method 
o f  d e t e c t i o n  gave way to  v a r io u s  form s o f  e l e c t r i c a l  c o u n te r .
The P h o t o e l e c t r i c  e f f e c t  ( c f .  e . g . , E a l lw a c h s  (1888) ) ,  and 
th e  d is c o v e ry  o f  secondary  e m is s io n  (A u s t in  and S ta rk e  (1902) ) 
p e r m i t te d  th e  u l t im a te  developm ent o f  th e  p h o to m u l t i p l i e r  ( o f ,  f o r  
in s ta n c e  Zworykin, M orton and M a l te r  (1936) ) .  The d e t e c t i o n  o f  
% - p a r t i c l e  s c i n t i l l a t i o n s  u s in g  a p h o t o m u l t i p l i e r  was e f f e c t e d  by 
C u r ra n /
1HI
— \ /\ /^ — Kv\/\hAf\/\)\/yM
HT+
w
Pig# 1# S chem atic  d iag ram  o t  p h o t o T O l t lp l l e r  
showing s c i n t i l l a t o r  i n  p l a c e ,a n d  p r e a m p l i f i e r  
co nnec tions#
— 4: —
C u rran  and Baker (1 9 4 4 ) .  In d e p e n d e n t ly  B ro se r  and Kallman (1 9 4 7 )a t  
d e t e c t e d  p a r t i c l e s  and  Y-q.uanta, r e p o r t i n g  u n i f o r m i ty  o f  re sp o n se  
f o r  O C -p a r t ic le s .  A new r e t u r n  to  o ld e r  m ethods fo l lo w e d .
A sch em atic  d iag ram  i s  shown i n  f i g ,  1 o f  a  s c i n t i l l a t i o n  
c o u n te r .  C on nec tion s  w i th  a p r e a m p l i f i e r  a re  shown f o r  co m p le ten ess  
though  o th e r  a t ta c h m e n ts  a r e  e q u a l ly  a p p r o p r i a t e .  As a  r e s u l t  o f  
i r r a d i a t i o n  t h a t  p a r t  o f  th e  e m i t te d  l i g h t  which i s  n o t  ab so rb ed  
by th e  mass o f  s o i n t i l l a t e r  p a s s e s  o u t  a s  f lu o re s c e n c e  and e j e c t s  
p h o to e l e c t r o n s  a t  th e  c a th o d e .  S u cce ss iv e  m u l t i p l i c a t i o n  o c c u rs  
and f i n a l l y  e l e c t r o n s  charge  up th e  e f f e c t i v e  c o l l e c t o r  c a p a c i ty ,  
th e  ch a rge  r e c e iv e d  b e ing  su b se q u e n t ly  a llow ed  t o  l e a k  away.
Tubes h av in g  t u n g s t e n  s e n s i t i v i t i e s  around  SO/ta/iUmen were 
r e a l i z a b l e .  Making some a llow ance f o r  th e  w id e r  re sp o n se  band o f  
th e  p h o t o m u l t i p l i e r  r e l a t i v e  to  the  eye t h i s  c o r re sp o n d s  ro u g h ly  
to  abou t 1 p h o to e l e o t r o n  p e r  20 q u an ta  o f  3 e .v .  , F o r  a  v e ry  
e f f i c i e n t  phosphor l i k e  z in c  s u lp h id e ,  which u n d e r  bombardment 
r e q u i r e d  a t  b e s t  o n ly  9 e . v .  p e r  quantum (C h a r i to n  and Lea (1929)) 
i t  c o u ld  be a n t i c i p a t e d  t h a t  IM e.v. o f  oc ene rgy  m igh t l i b e r a t e  abo u t 
a  th o u san d  p h o t o e l e c t r o n s  a l lo w in g  f o r  some l o s s  th ro u g h  geometiy*
(o f .  1P21, R.C.A, t u b e s ) .  W ith a g a in  o f  10^, and a  c o l l e c t o r  sys tem  
c a p a c i ty  o f  20 p f .  an  o u tp u t  o f  s e v e r a l  v o l t s  cou ld  t h e n  be e x p e c ted . 
Both th e rm a l  and sh o t  e l e c t r i c a l  n o is e  i n  th e  fo l lo w in g  p r e a m p l i f i e r  
and c i r c u i t y  would t h e r e f o r e  be o f  no co nseq uen ce , b e in g  r e s t r i c t e d  
t o  th e  m ic r o v o l t  r e g io n  w i th  p ro p e r  d e s ig n ,  even  f o r  bandw id ths  o f  
s e v e r a l  m e g a c y c le s .  ( c f .  ï ïy q u is t  (1928) and W ill ia m s  (1936) ) ,
T h is  I n d i c a t e s ,  t o g e t h e r  w i th  th e  wide band c h a r a c t e r  o f  th e  
a m p l i f i c a t i o n /
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a m p l i f i c a t i o n ,  th e  p a r t i c u l a r  m e r i t s  o f  th e  m u l t i p l i e r  a c t i o n .
The p h o to tu b e  h as  however a d a rk  c u r r e n t  o f  i t s  own. T h is  i s  t o  
some e x te n t  te m p e ra tu re  d e p e n d e n t , a s  i t  i s  p a r t l y  due t o  th e rm a l  
e l e c t r o n  e m is s io n ,  bu t a t  h ig h  i n t e r s t a g e  v o l t a g e s  th e  n o is e  
i n c r e a s e s .  T h is  tube  n o is e  l i m i t s  th e  perform ance o f  th e  c o u n te r  
a t  e n e r g ie s  l i b e r a t i n g  o n ly  a  few e l e c t r o n s  from  th e  ca th o d e .
F o llo w in g  on th e  i n t r o d u c t i o n  o f  th e  c o u n te r  and th e  u se  by 
B ro s e r  and Kallm an (1 9 4 7 )b o f  n a p h th a le n e  f o r  d e t e c t i o n  o f  y - r a y s ,  
o t h e r  y - r a y  s c i n t i l l a t o r s  were p ro p o se d ,  amongst them a n th ra c e n e  
( B e l l  (1948) ) and t h a l l i u m  a c t i v a t e d  sodium io d id e  (Hof^tadter (1948) 
V /h ils t th e  re sp o n se  o f  th e  o rg a n ic  m a t e r i a l s  was n o t  a s  good a s  
t h a t  o f  th e  im p u r i ty  a c t i v a t e d  in o rg a n ic  m a t e r i a l s  th e  r i s e  tim e 
was s h o r t e r .
On th e  m u l t i p l i e r  s id e  th e  p ro d u c t io n  o f  tubes w ith  s id e  and 
sm all  end window c a th o d e s  by E .M .I ( ty p e s  4140 & 5060) improved th e  
g e o m e t r i c a l . e f f i c i e n c y  o f  com m ercial m u l t i p l i e r s  (o f .  Sommer and 
Turk (1950) ) .
T h is  was ap p ro x im a te ly  th e  p o s i t i o n  when th e  work d e s c r ib e d  in  
t h i s  t h e s i s  began. Because o f  th e  e x p lo r a to r y  c h a r a c t e r  o f  much o f  
th e  e a r l y  work r e f e r r e d  to  above, p r e l im in a r y  m easurem ents were made 
on th e  m ethod. The s c i n t i l l a t i o n  r e sp o n s e s  o f  some m a t e r i a l s  were 
examined in c lu d in g  th o s e  o f  some l i q u i d s  and s o l u t i o n s ,  p a r t i c i l a r l y  
w ith  a v iew  to  p o s s ib l e  Y -ray  u s e .  A rough assessem n t o f  th e  
a b s o lu te  re sp o n se  o f  a n th ra c e n e  was a l s o  made.
T he/
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The i n i t i a l  aim  was to  de te rm in e  how th e  s c i n t i l l a t i o n  c o u n te r  
co u ld  he b e s t  s e t  up f o r  m easu ring  y - r a y  e n e rg y , s in c e  t h i s  ty p e  o f 
m easurem ent had n o t  been  made, and c o n s i d e r a t io n  had to  be g iy e n  t o  
t h e  p r e p a r a t i o n  o f  b lo c k s  o f  m a t e r i a l  o f  adequ a te  s i z e .  B efo re  
i n t r o d u c in g  more s p e c i f i c a l l y  the^ Y -ra y  s id e  o f  th e  te c h n iq u e  
r e f e r e n c e  shou ld  be made t o  some l a t e r  deve lopm ents  o f  th e  c o u n te r  
i t s e l f  which have h e lp e d  in  t h i s  c o n n e c t io n .  On th e  s c i n t i l l a t o r  
s id e  r e f e r e n c e  shou ld  be made t o  th e  u se  o f  t e r p h e n y l  in  s o l u t i o n s  
{R eynolds, H a r r i s o n ,  and S a l v in i  (1950) ) ,  which have an  e f f i c i e n c y  
'x/l/S t h a t  o f  a n th r a c e n e ,  and a f a s t  r i s e  t im e ;  ( e .g .  , f o r  t e r p h e n y l  
i n  t o lu e n e  a r i s e  tim e o f  2 x lO”^ s e c .  h as  been m easured  (P o s t  
R .F . 1950) ) . M en tion  sh o u ld  be made to o  o f  th e  com m ercial a v a i l ­
a b i l i t y  o f  c e r t a i n  c r y s t a l s  in  b u lk  by Harshaw, and H i l g e r ,  f o r  
i n s t a n c e .  On th e  p h o t o m u l t i p l i e r  s i d e ,  th e  developm ent o f  th e  
1" & 2" ca tho de  E .M .I 11 & 14 s ta g e  tu b e s  th e  R.C.A, t u b e 5819,
and th e  more r e c e n t  h ig h  s e n s i t i v i t y  Du Mond tu b e s  shou ld  be 
r e f e r r e d  t o .
( i i ) Y -  r a y  a b s o r p t i o n .
Y - r a y  a b s o r p t io n  i s  e s s e n t i a l l y  d e te rm in ed  o v e r  l a r g e  en erg y  
ra n g e s  by th e  t h r e e  p r o c e s s e s ;  p h o t o e l e c t r i c  e f f e c t ,  Compton 
p r o c e s s ,  and p a i r  p ro d u c t io n .  The f i r s t  o f  th e s e  i s  accom panied 
by th e  e m is s io n  o f  an X -ra y ,  i n  g e n e r a l ,  which can induce su b seq u en t 
p h o t o e f f e c t s .  The second in v o lv e s  p ro d u c t io n  o f  a s c a t t e r e d  Y - r a y  
o f  low er en e rg y .  The t h i r d  in v o lv e s  p r o v i s i o n  o f  1 .02  Mev f o r  p a i r  
c r e a t i o n /
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c r e a t i o n ,  w hich  r e a p p e a r s  s u b s e q u e n t ly  when a n n i h i l a t i o n  o c c u r s .
The p h o t o e l e c t r i c  e f f e c t  im p l ie s  e l e c t r o n  e j e c t i o n  from  one
o f  th e  v a r io u s  %, L , M  s h e l l s  o f  th e  atom . The e l e c t r o n  i s
e m i t te d  p r e f e r e n t i a l l y  a lo n g  th e  e l e c t r i c  v e c t o r ,  i . e . ,  a t  r i g h t  
a n g le s  t o  th e  momentum o f  th e  y - r a y .  The n u c le u s  h as  t h e r e f o r e  
t o  p ro v id e  a  momentum i n c r e a s i n g  w i th  T - r a y  en e rg y  (K^). I n  
consequence  o f  t h i s  t h e  p h o t o e f f e c t  i s  n o t  o f  im portance  a t  h i g h e r  
e n e r g i e s  e s p e c i a l l y  f o r  m a t e r i a l s  o f  low a to m ic  number z;  f u r t h e r ­
more t h a t  from  th e  K-she 11 i s  dom inan t. At lo w er e n e r g ie s  th e  K- \  
s h e l l  p h o t o e f f e c t  c r o s s  s e c t i o n  çg  i s  ,
<Po
^  ( 1)
Where <p^ s 6^r/'/d  = 6 .57x10  cm^and jU. i a  the  e le c t r o n  m ass.
( c f .  e . g .  H e i t l e r  (1 9 4 7 ) ,  S tobbe (1930)).
In  th e  Compton process^C om pton  (1923)^ in v o lv in g  f r e e  e l e c t r o n ^  
a l a r g e  p o r t i o n  o f  th e  i n c i d e n t  y -e n e rg y  i s  i n  g e n e r a l  r e r a d i a t e d ,  
p a r t l y  t o  a c c o rd  w i th  momentum c o n s i d e r a t i o n s .  At th e  lo w er 
e n e r g i e s  th e  e l e c t r o n  c r o s s  s e c t i o n  Po ^ c o r re s p o n d in g  t o  an a to m ic  
c r o s s  s e c t i o n  Zpa , i s  g iv e n  by th e  Thomson s c a t t e r i n g  fo rm u la ,  th e  
s c a t t e r i n g  i n t e n s i t y  b e in g  ^ym m ^tric abou t th e  e l e c t r i c  v e c t o r .
The t h e o r e t i c a l  fo rm u la  h as  been deduced  by K le in  and H is h in a  (1929 
At h i g h e r  e n e r g i e s  r a d i a t i o n  i n  th e  backward d i r e c t i o n  f a l l s  o f f  
r a p i d l y ,  and  w ith  i t  th e  t o t a l  a b s o r p t i o n  c r o s s  s e c t i o n .  The 
a tom ic  c r o s s  s e c t i o n  9^ f o r  th e  Compton p ro c e s s  i s  g iv e n  a t  h ig h  
e n e r g i e s  by  th e  a s y m p to t ic  r e l a t i o n s .
I n /
o-sH
0-1H
\o too lOOO
rtey,
P ig .  2m Y-ray a b s o r p t io n  c c o e f f i c i e n t s  f o r  Nal 
c r y s t a l  and f o r  a h y p o t h e t i i c a l  o r g a n ic  c r y s t a l  o f  
d e n s i t y  1 c o n ta in in g  e q u a l ,  num bers o f  C and H atoms.
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In  th e  p a i r  p ro d u c t io n  p ro c e s s ,  e l e c t r o n s  a re  e j e c t e d  from 
n e g a t iv e  e n e rg y  s t a t e s  D irac  (1928^ B la c k e t ta n d  O c c h ia l in i ( 1 9 3 3 ) . 
Momentum i s  p ro v id e d  by th e  n u c le u s ,  and th e  a b s o r p t io n  in c r e a s e s
p
w i th  coulomb a t t m o t i o n  o f  th e  n u c le u s ,  b e in g  p r o p o r t i o n a l  to  Z , 
Beyond th e  t h r e s h o l d  o f  1 .0 2  MeV th e  a b s o r p t io n  s low ly  i n c r e a s e s  
w i th  f re q u e n c y ,  th e  i n c r e a s in g  amount o f  phase  space a v a i l a b l e  t o  
two p a r t i c l e s  a t  th e  h ig h e r  e n e r g ie s  o f f s e t t i n g  r e s t r i c t i o n s  in  
p ro v id in g  th e  momentum f o r  b a la n c e .  At h ig h  e n e r g i e s ,  th e  c r o s s  
s e c t i o n  <Pp I s  g iv e n  by: (TO
I c f .  H e i t l e r  and S a u te r  (1933))
A s c re e n in g  c o r r e c t i o n  f o r  th e  coulomb a t t r a c t i o n  due t o  th e  
e l e c t r o n s ,  i n  th e  atom h a s  g e n e r a l l y  t o  be in c lu d e d .
Much f u r t h e r  e x p e r im e n ta l  work i n  c o n n e c t io n  w ith  th e s e  y - r a y  
a b s o r p t io n  p ro c e s s e s  h as  been  c a r r i e d  o u t ;  d e t a i l e d  com parisons  
w ith  th e o ry  a re  g iv e n  by H e i t l e r  (1947) and by S p r in g  (19 5 0 ) .
R e s u l t s  w i l l  be r e f e r r e d  t o  i n  th e  t e x t  o f  en e rgy  and r e l a t e d  measure 
m ent^w ith  s c i n t i l l a t i o n  c o u n te r s  on th e  p h o t o e l e c t r i c  and Compton 
p r o c e s s  h e re  which acco rd  w ith  th e  th e o ry .
On th e  b a s i s  o f  th e  above and d a ta  g iv e n  by H e i t l e r  (1949) 
th e  v a r i a t i o n  o f  Y-ray a b s o r p t i o n  c o e f f i c i e n t  w i th  en e rg y  i n  any 
m a t e r i a l  may be o b ta in e d .  F ig .  2 shown th e  v a r i a t i o n  In  a b s o r p t io n  
c o e f f i c i e n t  p e r  cm. f o r  s c i n t i l l a t o r s  o f  a c t i v a t e d  sodium  io d id e  ; 
and a l s o  f o r  a  h y p o t h e t i c a l  o rg a n ic  m a t e r i a l  h av in g  e q u a l  numbers o f  
c a rb o n /
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ca rb o n  and hydrogen  atome and d e n s i t y  u n i t y .  I t  f u r t h e r  shows 
th e  c o n t r i b u t i o n  to  a b s o rp t io n  in  th e  case o f  th e  sodium io d id e  
c r y s t a l ,  o f  th e  t h r e e  p ro c e s s e s  d e a l t  w i th  above. The a llo w an ce  
f o r  s c re e n in g  in  th e  p a i r  e f f e c t  a t  th e  h ig h e s t  e n e r g ie s  shown i s  
o n ly  ap p ro x im a te .
( i i i )  y - r a y  energy  measurement w ith  s c i n t i l l a t i o n
c o u n te r s .
I t  i s  n e c e s s a ry  t o  c o n s id e r ,  i n  ene rgy  m easurem ents , th e  range o f  
th e  e l e c t r o n s  p rod uced . At low e n e r g ie s  t h i s  i s  ro u g h ly  p ro ­
p o r t i o n a l  t o  d e n s i ty  be ing  1 mm. f o r  an  e l e c t r o n  o f  ^  MeV 
energy  in  a  m a t e r i a l  o f d e n s i ty  1. At h ig h e r  e n e r g ie s  th e  range 
may be l a r g e  and may be a more im p o r ta n t  f a c t o r  th a n  th e  Y -ray  
a b s o lu t io n ;  f u r t h e r  th e  ene rgy  l o s s  by B rem ss trah lu n g  may become 
im p o r ta n t .
I f  th e  p h o t o e l e c t r i c  c r o s s - s e c t i o n  i s  h ig h  in  a b lo c k  o f  
s c i n t i l l a t i n g  m a t e r i a l ,  t h e r e  i s  a  h ig h  p r o b a b i l i t y  t h a t  th e  
c h a r a c t e r i s t i c  X -ra y s  l i b e r a t e d  d u r in g  th e  y - r a y  p h o t o e l e c t r i c  
a b s o r p t io n  a re  th em se lv es  abso rbed  in  th e  m a t e r i a l  t o g e t h e r  wlih 
th e  sub seq u en t c h a r a c t e r i s t i c  X - r a d i a t i o n s  in v o lv e d .  A s in g l e  
peak  should  th e n  o c c u r .  T h is  e f f e c t  i n  sodium io d id e  was 
d em o n s tra ted  by W est, M eyerhof, H o f s t a d t e r  (1951). I t  I s  
p a r t i c u l a r l y  im p o r ta n t  f o r  e n e r g ie s  below -J MeV ( c f .  f i g .  2 ) .  
E f f e c t s  in  o t h e r  m a t e r i a l s  a r e  r e f e r r e d  to  i n  C h . l .
F o r  c a p t u r  =ring th e  c o n s id e ra b le  amounts o f  r a d i a t i o n  from  
Compton s c a t t e r i n g  r e l a t i v e l y  l a r g e  amounts o f  m a t e r i a l  a r e  i n  
g e n e r a l  r e q u i r e d ,  ad eq u a te  w id th  a s  w e l l  a s  l e n g th  hav ing  to  be 
p r o v id e d . /
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p ro v id e d .  In  th e  i n i t i a l  s t a g e s  o f  developm ent s e a ro h e s  were 
b e in g  made f o r  such  Y - r a y  p eaks  u s in g  s in g l e  c r y s t a l s .  Some 
work o f  t h i s  k in d  i s  m en tio ned  i n  Ch. 1. W ith s m a l le r  amounts 
o f  m a t e r i a l  a  method u s in g  two c i y s t a l s  i n  c o in c id e n c e  co u ld  be , 
employed, one a c t i v a t e d  by back s c a t t e r e d  Compton Y - r a y s ,  th e  
o t h e r  s e l e c t i n g  th e  c o r re s p o n d in g  e l e c t r o n s  o f  maximum en e rg y . 
R e s u l t s  by t h i s  method were p u b l i s h e d  by H o f s t a d t e r  and M cIn ty re  
(1950)a .  P r e l im in a ry  m easurem ents  had  been c a r r i e d  ou t by th e  
w r i t e r ,  and th e s e  and l a t e r  m easurem ents a r e  d e s c r ib e d .
The p a i r  e f f e c t  i s  im p o r ta n t  f o r  th e  d e t e c t i o n  o f  h ig h  energy  
r a d i a t i o n ,  th e  p a r t i c l e s  p ro duced  b e in g  i n i t i a l l y  d i r e c t e d  forwards. 
B re a d th  a s  w e ll  as  l e n g th  has  t o  be p ro v id e d  i n  th e  s c i n t i l l a t o r  
t o  a l lo w  f o r  s c a t t e r i n g  and B re m ss tra h lu n g .  M ention  sh o u ld  be made 
o f  th e  experim en t by Johnnnson  (1950) who s e l e c t e d  p u l s e s  i n  a  
c e n t r a l  c r y s t a l  g iv in g  a n n i h i l a t i o n  q u a n ta  i n  two s u b s id i a r y  
c r y s t a l s  in  c o in c id e n c e .
In  u s in g  s i n g l e  c r y s t a l s  f o r  en e rg y  m easurem ents , c a re  h a s  t o  
be t a k e n  to  s o r t  ou t th e  p h o t o e l e c t r i c  and p a i r  p eak s  and th e  
Compton edge . T h is  c o u ld  be av o id ed  i n  th e  r e g i o n 100 KeY to  
^ 2  MeV by u s in g  an  o rg a n ic  pho sp ho r where o n ly  th e  Compton edge 
o c c u r s .  Use i s  made o f  t h i s  p r o p e r ty  i n  th e  work r e f e r r e d  to  i n  
J5h. 1 on ( c f .  Bannerman, Lew is and C u rran  (1951). At th e
p r e s e n t  tim e w ith  th e  l a r g e r  c r y s t a l s  o f  sodium io d id e  now a v a i l ­
a b l e ,  i t  i s  p o s s ib l e  to  p roduce  a  s in g l e  p eak , o v e r  l a r g e  energy  
r a n g e s ,  by c a p tu r e  o f  seco ndary  q u a n ta .
— 1 1  —
§2 TES Y-RAY EMISSION PROCESS MD HHCIÆAR SPEGTROSCOPY.
An e x a m in a t io n  o f  th e  Y -ray  e n e r g i e s  a s s o e i a t e d  w ith  n u c l e a r  
t r a n s i t i o n s  g iv e s  th e  l e v e l  d i f f e r e n c e s  o f  th e  n u c l e a r  s t a t e s ,  and 
c o in c id e n c e  s t u d i e s  in v o lv in g  th e  v a r io u s  e m i t te d  r a d i a t i o n s  le a d  
t o  mass d i f f e r e n c e  a s s ig n m e n ts .  C o n v erse ly  th e  a v a i l a b l e  ene rgy  
in  a r a d io a c t iv e  t r a n s i t i o n  l i m i t s  th e  number o f  e x c i t e d  s t a t e s  
a c c e s s i b l e  t o  i n v e s t i g a t i o n  by decay  m ethods. I n  i s o b a r i c  t r a n s ­
i t i o n s  t o  a s t a b l e  s t a t e ,  t h i s  en e rg y  ro u g h ly  f a l l s  w ith  a tom ic  
number, b e in g  g e n e r a l l y  g r e a t e r  f o r  u n s t a b l e  odd odd, th a n  f o r  
odd A, n u c l e i ;  a  t r e n d  in  l i n e  w i th  th e  semi e m p i r i c a l  W eizsScker 
p r e d i c t i o n s  ( c f .  to o  B i t t e r  1950, p 1 2 3 ) .
In  c o n s id e r in g  Y -ray  e m is s io n  th e  n a tu r e  o f  th e  s t a t e s  
in v o lv e d  i s  o f  prim e im p o r ta n c e , p a r t i c u l a r l y  th e  charge  d i s t r i b u ­
t i o n  and en e rg y ; fu n d a m e n ta lly  t h e s e  must depend on th e  .n u c le a r  
f o r c e s .  As e x a c t  in fo rm a t io n  on th e  s t a t e s  i s  n o t  a v a i l a b l e ,  
i n t e r p r e t a t i o n s  o f  them  a re  o f  g r e a t  v a lu e .  Some r e f e r e n c e  w i l l  
be made i n  t h i s  work t o  one such i n t e r p r e t a t i o n ,  v i z .  , th e  s h e l l  
model ( c f .  e . g .  , Meyer 1 9 4 9 ) . On t h i s  model s p in  and p a r i t y  a s s ig n ­
m ents can  be p o s t u l a t e d  f o r  b o th  g round  and low ly in g  e x c i t e d  s t a t e a  
M oreover q u a l i t a t i v e  e s t im a t e s  can  be h a z a rd e d  abou t th e  en e rg y  
changes in v o lv e d .  Thus odd A n u c l e i  can  be e x p e c te d  t o  have low er 
f i r s t  l e v e l s  th a n  even  even n u c l e i ,  and th e  s h i f t  o f  a p a r t i c l e  
w i th in  a s h e l l  can  be e x p e c te d  t o  in v o lv e  on ly  a  sm a l l  e n e rg y .
The power o f  the  method i s  b e s t  gauged by s p e c i f i c  i n s t a n c e s  ( c f .  
e . g . ,  G o ldhaber and Sunyar 1 951 ). O th e r  m odels a r e  u s e f u l  i n  o th e r  
c a s e s /
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c a s e s  ( c f .  e . g . ,  Guggenheimer (1 9 4 3 ) ,  E a f s ta d  (1938) ).
The n a tu r e  o f  th e  s in g le  y -e m is s io n  p ro c e s s  i s  c o n s id e re d  
i n  ( i i )  below. I t  i s  d e s i r a b l e  f i r s t  t o  c o n s id e r  i n  ( i )  th e  
c h a r a c t e r i s t i c s  o f  a  m u l t ip o le  o r d e r  r a d i a t i o n  f i e l d ,  s in c e  much 
em phasis  w i l l  be p la c e d  on t h i s  i n  some o f  th e  work t h a t  fo l lo w s  
(o f .  §4 and ch . 3 ) .
The case  o f  two and th r e e  Y -ra y s  b e ing  e m i t te d  s im u lta n e o u s ly  
from  an e l e c t r o n  p o s i t r o n  system  w i l l  be r a i s e d  a lo n g  w ith  o t h e r  
m a t t e r  i n  §5 \
( i )  M u l t ip o le  o r d e r  r a d i a t i o n s .
The e m is s io n  o f  a  p h o to n  by an o r b i t a l  cha rged  p a r t i c l e  h a s  
lo n g  been a s s o c i a t e d  w i th  changes in  a n g u la r  momenta (o f .  Abraham 
(1914) ) .  The q u a n t i s a t i o n  o f  th e  a n g u la r  momentum o f  an  atom ic 
o r  n u c l e a r  sy s tem  co u ld  t h e r e f o r e  be ex p e c ted  t o  have an  im p o rtan t  
b e a r in g  on th e  ty p e  o f  r a d i a t i o n  f i e l d s  p rod uced .
In  quantum p h y s ic s  f o r  s p h e r i c a l l y  symmetric H a m il to n ia n s ,  th e  
r o t a t i o n a l  o p e r a to r s  (where <p i s  th e  a z im u th a l  a n g l e ) ,  e t c .  , 
a re  a s s o c i a t e d  w ith  c o n s ta n t s  o f  th e  m o tion  ( c f .  D ira c  (19 3 5 ) , 
p . 121 ). F o r th e  r o t a t i o n a l l y  i n v a r i a n t  e le c t r o m a g n e t ic  f i e l d  
e q u a t io n s  t h e r e f o r e  th o s e  s o l u t i o n s ,  which a re  e i g e n s t a t e s  o f  th e  
r o t a t i o n a l  o p e r a t o r s ,  w i l l  p o s s e s s  im p o r ta n t  c o n s t a n t s  o f  th e  
m otion . These can be shown to  be a n g u la r  momentum c o n s t a n t s .
S o lu t io n s  o f  th e  e le c t r o m a g n e t ic  e q u a t io n  i n  v e c t o r  form  can 
be o b ta in e d ,  v i z :
= c u r l  (r^i|)) ; o r  a g a in  ^ c u r l  (r^ 'ÿ) - ( 4 )
where ^  i s  a s o l u t i o n  o f  th e  e q u a t io n  . A  
a n d /
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and "r^ l a  th e  r a d iu s  v e c t o r .  In  s p h e r i c a l  p o l a r  c o - o r d in a t e s  
(r ,e,9),V can he g iv e n  by Ÿ = Yfm ( 6, 9) .  f  ( r )  (5).
f ' h e  h » r i 4 * P H t 4
where f ( r )  i s  an  a p p r o p r i a t e  f u n c t io n  o f  r^ an d  ^  e n te r s ^  a s  
e ^ M h e re  ^ ( c f . , f o r  i n s t a n c e ,  H e i t l e r  (1 9 3 6 ) ,  S t r a t t o n  (1 9 4 1 )p .4 1 5 ) .
These form s (4) a r e  a s s o c i a t e d  w i th  m a g n e t ic ,  and e l e c t r i c ,  
m u l t ip o le  r a d i a t i o n  r e s p e c t i v e l y  o f  o r d e r  t  , th e  r a d i a l  components 
o f  E and H v a n i s h in g ,  r e s p e c t i v e l y .
These f i e l d s  a re  e i g e n s t a t e s  o f  th e  v e c to r  r o t a t i o n  o p e r a to r  
; th u s  u n d e r  a r o t a t i o n  o f  c o - o r d in a te  a x e s ;
h 9
_ ^ ( c u r l  = m ( c u r l ' ? ^ / ' )  (6)
i n  a  manner a n a lo g o u s  t o  th e  e q u a t io n :
^fm  =
f o r  s c a l a r  wave f u n c t io n s  ( c f .  F ra n z  (1 9 5 0 ) , .
By e x p r e s s in g  th e  a n g u la r  momentum in  te rm s  o f  P o y n tin g * s  
v e c t o r  F ran z  has  shown th e  quantum c h a r a c t e r s  (  and m a r e  
a s s o c i a t e d  w i th  th e  t o t a l  a n g u la r  i^omentum and a x i a l  r e s o l u t e  o f  
a n g u la r  momentum r e s p e c t i v e l y  o f  th e  m u l t ip o le  r a d i a t i o n .  More­
o v e r  th e  s o l u t i o n s  form  a com plete  s e t  o f  s o l u t i o n s  o f  th e  
e q u a t io n s .
The e m iss io n  p r o b a b i l i t y  o f  a  quantum i n  a sm all  s o l i d  an g le  
abou t the  d i r e c t i o n  (o , q> ) i s  a f u n c t i o n  o f  q on ly  f o r  th e  above 
(tm) m u l t ip o le  r a d i a t i o n  and can  be d e s ig n a te d  F t^(0 ) .  ( o f .  e . g .  , 
F a lk o f f  and TJhlenbeck (1950) ) .
( i i )  The e m iss io n  p r o b a b i l i t y .
I t  i s  n e c e s s a ry  to  m en tio n  y - r a y  i n t e n s i t y  c o n s i d e r a t i o n s ,  
which w i l l  be needed  in  ch . 1; (and th e  c l o s e l y  l in k e d  l i f e t i m e  
m a t t e r s /
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m a t t e r s  whicli w i l l  be r e f e r r e d  t o  f u r t h e r  i n  §5 and Ch. 2 ) .
On th e  c l a s s i c a l  th e o ry  th e  e m is s io n  p r o b a b i l i t y  o f  long  
wave l e n g th  m u l t ip o le  r a d i a t i o n  (Cm), due to  an o s c i l l a t o r y  
charge  d e n s i t y  ^ , d i s t r i b u t e d  th ro u g h  a  volume \J i s  p r o p o r t i o n a l  
t o  th e  (moment in te g ra l)^  j
^ c f .  B l a t t  and W eisskopf (1 9 5 2 ) , p . 590, who deduce th e  t r a n s i t i o n  
p r o b a b i l i t i e s  ( 7 ) ,  ( 8) ,  (9) b e lo w ).
The e m iss io n  p r o b a b i l i t y  ( j ^ ^ f  a quantum o f  e l e c t r i c  m u l t ip o le  
r a d i a t i o n  (Cm) from  a s in g le  n u c le o n  o f  cha rge  e i n  a  t r a n s i t i o n  
from  s t a t e  t o  may be w r i t t e n  i n  quantum th e o r y ,  as
where = 2(>t-Hl)________
^il.3.5...........................1)
The i n t e g r a t i o n  o v e r  'T i n c lu d in g  th e  s p in  v a r i a b l e s  and th e  volume ;
where the  wavelength 2VK i s  long compared w ith  the  l i n e a r  dimensions
o f  th e  n u c le u s .  I f  th e  n u c le o n  p o s s e s s  a  m agne tic  moment an
a d d i t i o n a l  te rm , g e n e r a l l y  s m a l l ,  sh o u ld  be in c lu d e d  w i th in  th e
m odulus. U sing  th e  in dep en d en t p a r t i c l e  model o f  th e  n u c le u s  o f
r a d iu s  B, th e  t r a n s i t i o n  p r o b a b i l i t y  ^{[m h a s  been shown to  be
where B i s  a  f a c t o r  o f  o r d e r  u n i t y  f o r  a  fa v o u red  t r a n s i t i o n ,  
depending  on th e  a n g u la r  momentum o f  th e  n u c le o n  in v o lv e d  b e fo re  
and a f t e r .  F o r  a  n u c le u s  o f  A ^  50, e m i t t i n g  a  y - r a y  o f  en e rg y  
1 MeV, l i f e t i m e s  o f  ^  lo " ^ ^  and ^  1 0 "^ ^ se c s  can be p r e d i c t e d  
a g a in s t  e l e c t r i c  d ip o le  and q u ad ru p o le  t r a n s i t i o n s  r e s p e c t i v e l y .
The e x p e c te d  m agne tic  m u l t ip o le  r a d i a t i o n  ( (m) p r o b a b i l i t y ,
h a s /
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h as  been  shown to  be l e s s  by th e  approx im ate  r a t i o
iMCBlf' 1 ^  100
I t t f  ' ro
where M i s  th e  mass o f  th e  n u c le o n .
W h ils t  th e s e  fo rm u lae  o f  B l a t t  and W eisskopf se rv e  t o  p r e d i c t
y - i n t e n s i t i e s  i n  g e n e r a l ,  c o n s i d e r a t io n  h a s  to  be g iv e n  to  th e
i n t e r n a l  c o n v e rs io n  c o e f f i c i e n t s  b e fo re  a s s e s s in g  th e  l i f e t i m e  o f
s t a t e s ,  o f  h ig h  a tom ic  number Z, e m i t t in g  low er energy  r a d i a t i o n s .
M oreover th e  e x p e r im e n ta l  d e te r m in a t io n  o f  t h e s e  c o e f f i c i e n t s  can
se rv e  a s  an  in d ep en d en t check  on th e  m u l t ip o le  o rd e r  and ty p e  o f  
r a d ia t i o n .T h e y  can he a s s e s s e d  t h e o r e t i c a l l y  w i th o u t  knowledge o f  
n u c l e a r  s t r u c t u r e ;  ( c f .  e . g . , D oneoff and M o rr iso n  (1939) ) .
(
 ^ P a s s in g  r e f e r e n c e  sh o u ld  be made to  m u l t i p o l a r i t y  d e te r m in a t io n s
i n  th e  h ig h e r  ene rgy  r e g io n  u s in g  i n t e r n a l  p a i r  e f f e c t s  ( c f .  e . g . ,
J a e g e r  and Hulme (1 9 3 5 ) ,  L a ty shev  (1 9 4 7 ) j .
E x p e r im e n ta l  v e r i f i c a t i o n s  o f  th e  above i n t e n s i t y  and r e l a t e d
th e o r y  e x i s t .  One o f  many in s t a n c e s  in v o lv e s  th e  411 Kev. s t a t e  
198o f  H , examined by s h o r t  l i f e t i m e  m ethods r e f e r r e d  t o  in  ÏÏ3o ■
below , by Graham and B e l l  (1951); a l s o  by Davey and Moon (1953)
-11
and M alx n fo rs  (1 95 2 ). The l i f e t i m e  i s  o f  o r d e r  10 se c .  im p ly in g  
an E .2  t r a n s i t i o n .  T h is  ass ig nm en t i s  co n f irm ed  by th e  i n t e r n a l  
c o n v e rs io n  r e s u l t s  ( c f .  E l l i o t t  and W olfson (1951) ) .
( i l l )  E x p e r im e n ta l  work h ere  In v o lv in g  y - r a y  s p e c t r o s c o p y . 
Some o f  th e  y - r a y  work on r a d i o a c t i v e  so u rc e s  was i n i t i a t e d  
a s  i n d i c a t e d  inSX to  i n v e s t i g a t e  c e r t a i n  a s p e c t s  o f  s c i n t i l l a t i o n  
c o u n te r  work, th e n  in  an e a r l y  s t a t e  T hese  in v o lv e d  y - r a y  en e rg y  
and i n t e n s i t y  m easurem ents , and s u b s e q u e n t ly  th e  developm ent and 
u s e /
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u se  o f  c e r t a i n  c o in c id e n c e  m ethods which would c o r r e l a t e  th e  
y - r a y  e n e r g ie s  in v o lv e d .  An i n v e s t i g a t i o n  o f  th e  Y - r a y s  
o f  La i s  d e s c r ib e d  from  t h i s  v ie w p o in t ,  which l e d  to  
in fo rm a t io n  co n c e rn in g  th e  decay o f  t h i s  e lem en t.
Some e a r l y  work on th e  r a d i o a c t i v e  e lem en ts  and
i s  a l s o  d e s c r ib e d  which su g g e s te d  p o s s i b l e  decay schemes f o r  
th e s e  n u c l e i ( c f .  to o  W ilson  and Lewis (1952) ). These n u c l e i  
o c c u r  in  a r e g io n  o f  Z and A where much d a ta  i s  r e q u i r e d .
An i n v e s t i g a t i o n  was c a r r i e d  o u t to o  on n a t u r a l l y  r a d io a c t iv e
87Rb , which h a s ,  on o c c a s io n s  been supposed  o t h e r  th a n  a pure 
p - e m i t t e r .  The mode o f  decay , l i f e t i m e  andp  -  ray  c h a r a c t e r i s t i c s  
were o f  much i n t e r e s t .  T h is  so u rce  seemed p a r t i c u l a r l y  s u i t a b l e  
f o r  s tu d y  by th e  s c i n t i l l a t i o n  m ethod, and c r y s t a l s  o f  Rbl (T11) 
were made and examined in  c o n n e c t io n  w i th  th e  work. P u re ly  (3- r a y  
a s p e c t s  o f  th e  s tu d y  a re  r e f e r r e d  t o  b r i e f l y  i n  th e  Appendix 
( c f .  to o  Lew is (1 9 5 2 )b ) .
With th e  developm ent o f  th e  s c i n t i l l a t i o n  te c h n iq u e  s p e c t r o ­
s c o p ic  s t u d i e s  r e q u i r i n g  more in v o lv e d  p ro ced u re  became p o s s i b l e .  
The s tudy  and some a p p l i c a t i o n s  o f  d e la y e d  c o in c id e n c e  sp e c tro sc o p y  
a re  r e f e r r e d  t o  i n  § .3  below.
§g DETERI^INATIOH OP SHORT LIFETIMES,
POSITROn MD POSITRONIUM LIFETIMES 
AND ASSOCIATED SPECTRA.
The l i f e t i m e  o f  an e x c i t e d  s t a t e  a g a i n s t  s in g le  quantum
e m is s io n  h as  been r e f e r r e d  to  in  p r i n c i p l e .  The work In  th e  t e x t
( c h .2 ) w i l l  a l s o  r e l a t e  to  th e  s p e c t r a  and l i f e t i m e s  a s s o c i a t e d
w ith  th e  a n n i h i l a t i o n  o f  a p o s i t r o n  e l e c t r o n  sys tem , where two 
o r /
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o r  t h r e e  q u an ta  a re  e m i t te d  s im u l t a n e o u s ly , a  m a t t e r  in t ro d u c e d  
below i n  ( i i i ) .  A f a s t  c o in c id e n c e  u n i t  u s in g  s c i n t i l l a t i o n  
c o u n te r s  s e rv e d  a s  a  b a s i s  o f  measurement and th e  developm ent 
o f  t h i s  i s  r e f e r r e d  to  b r i e f l y  in  ( i ) ,  and i t s  a p p l i c a t i o n  i s  
i n d i c a t e d  i n  ( i i ) .
( i ) F a s t  c o in c id e n c e  u n i t s .
The p u l s e s  from  a s c i n t i l l a t i o n  c o u n te r  co u ld  be ex p e c te d  to  
r i s e  q u ic k ly  ( c f . i l )  and a c o in c id e n c e  u n i t  w i th  r e s o lv in g  tim e 
a t  l e a s t  i n  th e  10* se c .  r e g io n  seemed r e a l i s a b l e .  In  1949 3 e l l  
and F e tc h  r e f e r r e d  to  th e  c o n s t r u c t i o n  o f  a  f a s t  u n i t  u s in g  1P21 
m u l t i p l i e r s ,  d i s c r im in a t in g  a f t e r  m ix ing . A req u irem en t co n ce rn in g  
work in  ch . 3 had  l e d  th e  a u th o r  t o  i n v e s t i g a t e  u n i t s  o f  th e s e  
r e s o lv in g  t im e s  t o  cu t down random c o u n ts .  The u se  o f  f a s t  
d i s c r i m i n a t o r s  and th e  l i k e  d id  n o t  ta k e  ad eq u a te  advan tage  o f  th e  
f a s t  m u l t i p l i e r  p u l s e s ,  and i t  was d e c id e d  t o  in c o r p o r a te  th e
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s u g g e s t io n  o f  d i s c r i m i n a t i n g  a f t e r  m ix in g . A p p r o p r i a t e ^ c i r c u i ty  
was d e s ig n ed  and made. Development work and o p e r a t io n a l  m ethods 
f o r  h ig h  speed  r  - r a y  work a r e  r e f e r r e d  t o  m o s t ly  i n  th e  t e x t .  
R e fe ren ce  to o  sh o u ld  be made to  th e  work o f  de B e n e d e t t i  u s in g  a 
d i f f e r e n t  in p u t  system .
( i i )  S h o r t  l i f e t i m e  d e t e r m in a t io n s  in v o lv in g  
Y - r a y s  and a s s o c i a t e d  s p e c tro s c o p y .
The m ain method o f  s h o r t  l i f e t i m e  d e te r m in a t io n  a t  th e  p r e s e n t
tim e employs d e lay e d  c o in c id e n c e  t e c h n iq u e ,  u t i l i s i n g  s c i n t i l l a t i o n
c o u n te r s .  In  t h i s  i f  th e  fo rm a tio n  o f  a n  e x c i t e d  s t a t e  be announced
by th e  e m is s io n  o f  r a d i a t i o n  t h i s  can  be a l lo w ed  to  t r i g g e r  one
c h a n n e l /
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I
ch a n n e l  o f  a h ig h  r e s o l u t i o n  c o in c id e n c e  d e v ic e ,  a l lo w in g  th e  
su b seq u en t decay o f  th e  n u c le u s  to  be fo llo w ed  by th e  o th e r  
c h a n n e l .  By t h i s  means Graham and B e l l  (1951) showed th e  l i f e ­
t im e  o f  t o  be l e s s  t h a n  3 x  10“ ^ ^ sec .  ( o f .  §2 i i ) *  T h is
method w i l l  be u s e d  in  th e  text*, i t s  a p p l i c a t i o n  to  th e  d e t e r ­
m in a t io n  o f  f a s t  p e r io d s ,  and more th a n  one p e r io d ,  w i l l  be 
c o n s id e r e d  in  d e t a i l .  T h is  method h as  the  f u r t h e r  m e r i t  o f  
p e r m i t t in g  d e la y e d  c o in c id e n c e  sp e c tro sc o p y  to  be c a r r i e d  o u t ,  
an a s p e c t  r e q u i r e d  in  th e  t e x t . Developments o f  t h i s  te c h n iq u e  
a r e  d e t a i l e d  t h e r e ,  t o g e t h e r  w ith  a p p l i c a t i o n s .
^In  p a s s in g ,  m en tion  sh o u ld  be made o f  th e  complementary
Y - l i n e  w id th  ( ï y  ) method o f  m easu ring  v e ry  s h o r t  l i f e t i m e s .
198Resonance s c a t t e r i n g  has  been  o b se rv e d  f o r  Eg by Davey and 
Moon (1 9 5 3 ) ,  M alm fors (1952) ( o f .  §2 i i ) *  Q  h as  been found f o r  
p ro to n  c a p tu re  when th e  t o t a l  w id th  i s  l a r g e  ( c f .  F ow ler  and 
L a u r i t s e n  (1949) ) .  O ther s p e c i a l  m ethods e x i s t  ( c f .  T h i r io n  and 
T e le g e d i  (1953) ) ,  E l l i o t t  and B e l l  (1 9 4 9 ) ,  D e lb rhck  and Gamow
(1931) J .
( i i i )  P o s i t r o n  and p o s i t r o n iu m  l i f e t i m e s  and 
a s s o c i a t e d  s p e c t r a  ( in c lu d in g  work r e ­
l a t i n g  t o  Da and C o ^ ^ i l i f e t i m e s ) .
The f i e l d  o f  s tu d y  o f  p o s i t r o n  e l e c t r o n  sy s tem s was one w ith  
many s u b j e c t s  r e q u i r in g  i n v e s t i g a t i o n ,  b o th  two and t h r e e  quantum- 
w ise .  These i n v e s t i g a t i o n s  were a l l  fu n d a m e n ta lly  s u i t e d  t o  the  
s c i n t i l l a t i o n  method w ith  i t s  h ig h  Y - r a y  e f f i c i e n c y ,  i t s  a b i l i t y  
to  d i s t i n g u i s h  e n e r g i e s ,  and i t s  v e ry  f a s t  re sp o n se  t im e .
A n n i h i l a t i o n /
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A n n i h i l a t i o n  o f  p o s i t r o n s  can o ccu r  by o n e , two o r  t h r e e
q u a n ta .  One quantum e m iss io n  im p lie s  a momentum c o n t r i b u t i o n
from  a n o th e r  p a r t i c l e .  The p r e d ic t e d  e f f e c t  was sm a ll  ( c f .
J a e g e r  and Hulme (1936) ) ;  o f .  to o  M eric  (1 9 4 9 ) .
The two quantum p ro c e s s  o f  a n n i h i l a t i o n  was fo rm u la te d  by
D ira c  (1930) b e fo re  th e  d is c o v e ry  o f  th e  p o s i t r o n  by Anderson
(1 9 3 2 ) ,  and B la c k e t t  and O c h ia l in i  (1933). I t  h a s  been e s t im a te d
t o  o c c u r  p a r t l y  i n  f l i g h t  and m o s tly  a t  r e s t .  With p o s i t r o n s  o f
K in e t i c  energy  -^mev. l e s s  th a n  3^ o f  th e  a n n i h i l a t i o n s  shou ld
o c c u r  in  f l i g h t .  The e x p e c ta t io n s  f o r  a n n i h i l a t i o n  in  f l i g h t  have
been  co n f irm ed  r e c e n t l y  by C o lg a te  and G i l b e r t  (1953) and by
K e n d a l l  and D eu tsch  (1 9 5 3 );  t h i s  p ro c e s s  w i l l ^ e s s e n t i a l l y , n o t  be
d i s c u s s e d  in  oh, 2.
The two quantum p ro c e s s  a t  r e s t  h as  been con firm ed  i n  s e v e r a l
ways ( c f .  th e  y - r a y  m easurem ents o f  Du Mond, L in d ,  and Watson
(1 9 4 9 ) ,  and th e  a n g u la r  c o r r e l a t i o n  e x p e r im e n ts  o f  Be r i n g e r  and
Montgomery (1 942 ). I f  K denote  th e  number o f  atom s p e r  u n i t  volume^ 
2 /  2I i  = e /me , th e  l i f e t i m e  a g a in s t  a n n i h i l a t i o n  has  been  a s s e s s e d
on th e  above t h e o r e t i c a l  f o rm u la t io n  a t  where
(lO)
i f  a l l  th e  e l e c t r o n s  be assumed a v a i l a b l e ,  e .g .  , f o r  l e a d  would 
be /t- 6 X 10“ ^ ^ sec . The work o f  D eu tsch  (1951) had shown t h a t  th e  
a n n i h i l a t i o n  tim e i n  g a s e s  was n o t  a lw ays  i n v e r s e ly  p r o p o r t i o n a l  
t o  p r e s s u r e .  The p r o p o r t i o n a l i t y  e x i s t e d  f o r  oxygen, bu t n o t  f o r  
f r e o n ,  i n  th e  l a t t e r  th e  a n n i h i l a t i o n  tim e had been shown t o  be 
a p p ro x im a te ly  1 .4  x  10 ^ se c .  a t  v a r io u s  low er p r e s s u r e s .  The two 
quantum /
— 20 —
quantum p ro c e s s  o f  a n n i h i l a t i o n  o f  s lo w ly  moving p o s i t r o n s  and 
e l e c t r o n s  r e q u i r e s  th e  system  to  he in  a s i n g l e t  s t a t e  , s p in  0 , 
( o f .  W heeler 1946, o f .  a l s o  Ch. 2 where a d e d u c tio n  i s  g iv e n  on 
th e  b a s i s  o f  th e  D ira c  e q u a t io n ) .
Ore and P o w e ll  (1949) shov/ed t h e o r e t i c a l l y  t h a t  th r e e
quantum a n n i h i l a t i o n  can  o c c u r  from  th e  t r i p l e t  s t a t e  o f  s p in  1,
and th e y  showed t h a t  th e  p ro c e s s  was 1110 t im e s  l e s s  l i k e l y  th a n
a n n i h i l a t i o n  from  a s i n g l e t  s t a t e .  I f  t h e r e f o r e  a n n i h i l a t i o n
o c c u r re d  by c o l l i s i o n  betw een f r e e  p o s i t r o n s  and e l e c t r o n s  th e
two quantum p ro c e s s  would o c c u r  370 t im e s  a s  o f t e n  a s  th e  th r e e
quantum p r o c e s s .  The f a c t o r  o f  3 e n te r e d  because o f  th e  h ig h e r
s t a t i s t i c a l  p r o b a b i l i t y  o f  fo rm ing  a t r i p l e t  s t a t e .  The l i f e t i m e
•40
o f  th e  bound s i n g l e t  s t a t e  had been  g iv e n  by W heeler a s  1 .2 5  x  10 
s e c .  The l i f e t i m e  o f  a  bound t r i p l e t  s t a t e  would, be 1 .4  x  10 
se c .  when once form ed. I t  seemed t h e r e f o r e  t h a t  th e  f r e o n  l i f e ­
t im e c o in c id e d  w i th  t h a t  o f  t r i p l e t  p o s tro n iu m . D eu tsch  and 
D u l i t  (1951) showed th e  p re se n c e  o f  a n n i h i l a t i o n  r a d i a t i o n  below 
510 KeY u s in g  f r e o n ,  and de B e n e d e t t i  and S ie g e l  (1952) had 
o b ta in e d  th r e e  quantum c o in c id e n c e s  from  p o s i t r o n s  d ecay in g  i n  
f r e o n .  I t  seemed d e s i r a b l e  to  s e l e c t  o u t  th e  d e la y e d  r a d i a t i o n  
a s s o c i a t e d  w i th  th e  long  p e r io d  (1 .4  x 10"*^ s e c s .  ) u s in g  d e lay ed  
co in c id e n c e  s c i n t i l l a t i o n  te c h n iq u e  and to  compare th e  spec trum  
w ith  t h a t  t h e o r e t i c a l l y  p r e d i c t e d  by Ore and P o w ell ,  I t  seemed 
o f  v a lu e  t o  d e te rm in e  t h a t  in  oxygen a l s o ,  in  v iew  o f i t s  
d i f f e r e n t  p r e s s u r e  b e h a v io u r ,  f o r  com parison . These e x p e r im e n ts  
a r e  d e s c r ib e d  in  Ch. 2 ( c f .  to o  L ew is and F erg u so n  (1953) ).
T he /
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The l i f e t i m e  a t  h ig h e r  p r e s s u r e  in  f r e o n  was o f  i n t e r e s t ,  
t o g e t h e r  w i th  a  com parison  o f  th e  decay tim e in  oxygen w ith  th e  
th e o ry  o f  f r e e  c o l l i s i o n  a n n i h i l a t i o n .  A s e a rc h  was a l s o  made 
f o r  th e  f a s t  decay in  f r e o n  a t  a  l a t e r  d a te  w i th  th e  same u n i t .
The s e a rc h  f o r  a f a s t  decay  in  g a s e s  cou ld  have im p o rtan t  b e a r in g s  
on th e  a n n i h i l a t i o n  p r o c e s s .  The f r a c t i o n  o f  t r i p l e t  s t a t e  was 
a l s o  d e te rm in ed  d i r e c t l y  by t h i s  method (C h .2 ,§  3 ,  ( v i ) j .
Work o f  an an a lo g o u s  n a t u r e ,  and on an ex ten d ed  s c a le  needed  
to  be c a r r i e d  ou t f o r  condensed  m a t e r i a l s ,  l i q u i d s  and s o l i d s .  In  
an a b s t r a c t  De B e n e d e t t i  and R ic h in g s  (1951) i n d i c a t e d  t h a t  th e  
l i f e t i m e  d i f f e r e n c e  betw een m e t a l l i c  p o ta s s iu m  and le a d  was l e s s  
th a n  10 ^ s e c .  In  Ch. 2 , 0 4 ( o f .  F e rg u so n  and Lewis (1953)) v a r io u s  
r e l a t i v e  m easurem ents o f  l i f e t i m e  a re  r e f e r r e d  t o ,  and an accoun t 
i s  g iv e n  o f  a b s o lu te  a n n i h i l a t i o n  t im e m easurem ents o f  p o s i t r o n s
pc AQ
in  alum inium  and in v o lv in g  work on Ra and Co . A d i s c u s s i o n  i s  
g iv e n  o f  a second p e r io d  in  s o l i d s .  S u g g e s t io n s  f o r  o p e r a t in g  h ig h  
speed c o in c id e n c e  u n i t s  w ith  any typ e  o f  r a d i a t i o n s ,  p a r t i c u l a r l y  
Y - r a d i a t i o n s , m a t e r i a l i s e d .  In  th e  m eanw hile , f u r t h e r  p u b l i c a ­
t i o n s  have appeared  r e l a t i n g  to  condensed m a t e r i a l s  by De B e n e d e t t i  
and R ic h in g s  (1 952 ), a l s o  by B e l l  and Graham (1 9 5 2 ) ,  (1953).
§4 mJCLEAR SPIES AKD THE MGULAR CORRELATIOE
OF SUCCESSIVE Y -RAYS
( i )  The n a tu r e  o f t h e  r e l a t i o n s h i p .
S tro n g  a n g u la r  c o r r e l a t i o n s  have been  r e f e r r e d  to  i n  §3 
c o n c e rn in g  th e  s im u lta n e o u s  q u a n ta  p ro duced  in  a n n i h i l a t i o n  
p r o c e s s e s .  The s u g g e s t io n  t h a t  a n g u la r  c o r r e l a t i o n s  can  o c c u r  
b e tw een /
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betw een s u c c e s s iv e  y - r a y s  i n  n u c l e a r  e m is s io n  was made by 
Dunwortb (1 9 4 0 ) . C a l c u l a t i o n s  were made by H am ilton  (1 94 0 ).
The h ig h  e f f i c i e n c y  o f  s c i n t i l l a t o r s  i s  o f  g r e a t  v a lu e  i n  t h i s  
a p p l i c a t i o n ,  and th e  method was s u c c e s s f u l l y  d e m o n s tra te d  by 
Brady and D eu tsch  (1947, 1 9 4 8 )a ,b )  f o r  Co^^.
The s p a t i a l  d i s t r i b u t i o n  o f  a  s in g le  y -e m ls s io n  o f  g iv e n  
m u l t ip o le  o r d e r  ( c f .  ^  i i )  i s  r e l a t e d  to  th e  a n g u la r  momentum 
o f  th e  wave and so to  th e  s p in  change o f  th e  n u c le u s  co n ce rn ed .
I f  a  n u c le u s  be i n i t i a l l y  o r i e n t a t e d  a t  random, and a  y - r a y  be 
d e t e c te d  in  a c e r t a i n  d i r e c t i o n  th e  s p in  o f  th e  n u c le u s  i s  
r e l a t e d ,  i n  a  sense  a l i g n e d ,  t o  t h i s  d i r e c t i o n ,  and a  su b seq u en t 
y - r a y  e m i t te d  o f  g iv e n  m u l t ip o le  o r d e r  w i l l  have i t s  s p a t i a l  
c h a r a c t e r i s t i c s ,  to  some e x t e n t ,  p re d e te rm in e d .  C o n v erse ly  th e  
a n g u la r  c o r r e l a t i o n  l e a d s  t o  s p in  a s s ig n m e n ts  f o r  th e  n u c l e i .
The work can  be g e n e r a l i s e d  t o  in c lu d e  th e  c a se  o f  cascade  
y -e m is s io n  fo l lo w in g  p a r t i c l e  c a p tu r e .
The method i s  o f  p a r t i c u l a r  v a lu e  f o r  d e te rm in a t  in g  th e  
s p in s  o f  s h o r t  l i v e d  s t a t e s ,  which canno t be d e te rm in ed  s p e c t r o ­
s c o p i c a l l y .  C o r ro b o ra t iv e  ev id en ce  may som etim es be o b ta in e d  by 
th e  methods i n d i c a t e d  i n  §2.- The u se  o f  p o l a r i s e r a  e n a b le s  a  
d i s t i n c t i o n  t o  be made betw een  m ag n e tic  and e l e c t r i c  t r a n s i t i o n s .  
M oreover i f  mixed t r a n s i t i o n s  be s u s p e c te d  th e  a n g u la r  c o r r e l a t i o n  
method can be a s e n s i t i v e  method o f  a s s e s s i n g  th e  com ponents.
The n a tu re  o f  th e  c o r r e l a t i o n  r e l a t i o n s h i p s  w i l l  be r e f e r r e d  
t o  in  some d e t a i l  below  and i n  th e  main t e x t ;  p a r t i c u l a r l y  th e  
c a s e /
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c a s e  o f  y  -Y i n t e n s i t y  c o r r e l a t i o n s  from  a  r a d io a c t i v e  n u c le u s  
(d o u b le  T c a s c a d e ) ;  and th e  ease o f  T -Y  i n t e n s i t y  c o r r e l a t i o n s  
fro m  a  n u c le u s  form ed by p a r t i c l e  c a p tu r e  ( t r i p l e  c a s c a d e s ) ,
A s in g le  in s ta n c e  o f  a n g u la r  r e l a t i o n s h i p s  can f i r s t  be 
g iv e n  t o  ex e m p lify  th e  method which w i l l  be fo l lo w e d , in v o lv in g  
a  n u c le u s  o f  i n i t i a l  s p in  j» = o. I f  a  s p i n l e s s  p a r t i c l e  
t r a v e l l i n g  a lo n g  th e  z d i r e c t i o n ,  w i th  o r b i t a l  momentum fo be 
c a p tu r e d  by th e  n u c le u s  on ly  s t a t e s  h av in g  z r e  s o l u t e s  o f  momentum 
d e f in e d  by m^ » o would be form ed. I f  i n s t e a d  a  Y quantum (o f  
i n t r i n s i c  s p in  1) o f  m u l t ip o le  o r d e r  to  had been e m i t te d  a lo n g  th e  
z d i r e c t i o n ,  o n ly  s t a t e s  m-j^  = 1 would have o c c u r re d .  Taking
to = 1, so t h a t  th e  sp in  p roduced  e i t h e r  way i s  5i- = 1, one may 
suppose su b seq u en t Y -e m is s io n  in  b o th  c a s e s  t o  a  s t a t e  jg= o .
The e m is s io n  p r o b a b i l i t y  a t  an g le  6 t o  th e  z - a x i s  would th e n  be 
sin^O ( c l a s s i c a l  d ip o le  a long  ? ) ,  f o r  th e  s p i n l e s s  p a r t i c l e  case  ; 
and ( l  + c o s ^ e ) ,  ( c l a s s i c a l  d ip o le f  a lo n g  "x & y ) ,  f o r  th e  Y quantum 
c a s e .  (The p a r t i c l e  case i s  g e n e r a l l y  r e f e r r e d  t o  a s  an a n g u la r  
d i s t r i b u t i o n  p r o c e s s ) .
The e x p l i c i t  v a lu e  o f  th e  p o p u la t io n  d e n s i t y  o f  th e  f i r s t  
in te rm e d ia te  s t a t e  (o f .  above) w i l l  be shown o f  im portance
in  a l l  c a s c a d e s .  F o r  t r i p l e  ca scad e  p r o c e s s e s  th e  d e te r m in a t io n  
o f th e  g e n e r a l l y  uneq u a l p o p u la t io n  d e n s i t i e s  i s  a  f i r s t  s ta g e  
o n ly ,  a t t e n t i o n  h av in g  t o  be p a id  s u b s e q u e n t ly  t o  coherency  
f a c t o r s .  D e ta i l e d  c o n s id e r a t io n  o f  t r i p l e  ca scad e  p r o c e s s e s  i s  
l e f t  t o  oh. 3 . F o r  double Y -o a scad e s  th e  fo rm a tio n  and em ptying  
of th e  in te rm e d ia te  s t a t e s  a r e  r e c i p r o c a l  p r o c e s s e s  and t h i s  a sp e c t
W ill/
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( )
w i l l  be s t r e s s e d  i n  th e  t r e a tm e n t  g iv e n  below ( c f . e g n i l S o ) )
C o n s id e r  th e  p o p u la t io n  d e n s i t y  o f  th e  f i r s t  i n t e r m e d ia te  s t a t e  
re a c h e d ,  e i t h e r  by p h o to n  e m is s io n  o r  by p a r t i c l e  c a p tu r e ,  from 
an  u n o r i e n t a t e d  n u c le u s  (jomo) w ith  mo randomly d i s t r i b u t e d .
F o r p h o to n  e m is s io n ,  o f  m u l t ip o le  o r d e r  (o , a lo n g  th e  a x i s
o f  q u a n t i s a t i o n ,  th e  r e l a t i v e  p o p u la t io n  o f  th e  f i r s t  in te rm e d ia te  
s t a t e  i s  g iv e n  im m ed ia te ly  by "%m- where -
-xi,’ (). !. • n - i  /1 sj'tVli
mo -  1 , i n  th e  two C lehsch  Gordon c o e f f i c i e n t s  ( c f . ,  t o o ,  Condon 
and S h o r t le  y (1951) p .7 3 ) .
F o r  th e  c a p tu re  o f  a  p a r t i c l e ,  o f  any i n t r i n s i c  s p in  s ,  
i n c i d e n t  a long  th e  a x i s  z o f  q u a n t i s a t i o n ,  upon th e  u n o r i e n t a t e d  
n u c le u s  (jomo) th e  ch a n n e l  s p in  S i s  d e f in e d  a s  th e  v e c t o r  sum o f  
jo  and s .  The quantum numbers sjoSS^ r e p r e s e n t  e f f e c t i v e l y  th e  
i n t r i n s i c  s p in  p r o p e r t i e s  o f  th e  p a r t i c l e s ,  and th e  s u b s t a t e s
( 6% o i #S')
(S jSg) a r e :  randomly d i s t r i b u t e d ^ ;  I f  a l l  th e  ch an n e l s p in s  S
were e q u a l ly  a v a i l a b l e  th e  p o p u la t io n  d e n s i t y  o f  th e  f i r s t  i n t e r ­
m ed ia te  s t a t e s  ( j^m ^) ,  a l lo w in g  f o r  th e  a d d i t i o n a l  o r b i t a l  momentum 
o f  th e  p a r t i c l e  ( t o ) ,  would be t h e r e f o r e ,
I f  c((S) however deno te  th e  r e l a t i v e  p r o b a b i l i t y  o f  th e  s p in  8 i n
th e  r e a c t i o n  p r o c e s s ,  th e  p o p u la t io n  d e n s i t y  o f  w i l l  be
H I M
( o f .  to o  Levons and Hine (1949) 
Double cascade  p r o c e s s e s  in v o lv in g  a t  l e a s t  one T - r a y  a re  now 
c o n s i d e r e d . /
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o o n s id e re d .  R e fe ren ce  may be made i n  t h i s  c o n n e c t io n ,  to o ,  to
B ied en h a rn , A rfken  and Rose (1 9 5 1 ) ,  a l s o  F a l k o f f  and U hlenbeck  (1950
H am ilton  (1940) d e r iv e d  th e  fo rm u la  o f  ty p e  (12b) f o r  y -  Y c a sc a d e s
u t i l i s i n g  theo rem s o f  random p h ase . Suppose Y - e m is s io n  a lo n g  th e  
z d i r e c t i o n  (o r  c a p tu re  o f  a  p a r t i c l e  t r a v e l l i n g  in  th e  z d i r e c t i o n ) ,  
t o  o c c u r ,  fo l lo w ed  by ph o to n  e m is s io n  o f  m u l t ip o le  o r d e r  f . The 
p r o b a b i l i t y  o f  ap p earan ce  o f  t h i s  second e m is s io n  i n  a  g iv e n  s o l i d  
an g le  a t  ( 6, V) can  be w r i t t e n  P , where ^
^  I 1 Ho I J H | (  12a)
Here m s ta n d s  f o r  mo i n  th e  p h o to n  c a s e ,  ( o r  m s t a n d s  f o r  Sjj,S i n  
th e  p a r t i c l e  ca se  ,o f  , 1 1 b ) , Ho and h CJl) s p e c i f y  th e  a p p r o p r i a t e  
i n t e r a c t i o n  o p e r a to r s  i n  th e  two s u c c e s s iv e  p r o c e s s e s .  r e f e r s  
t o  summation o v e r  th e  i n i t i a l  and f i n a l  m ag n e tic  quantum numbers 
(m and mg) and o v e r  th e  p o l a r i s a t i o n s  o f  th e  Y - r a y s  in v o lv ed  
(one o r  two a s  th e  case  may be),» e . g .  c i r c u l a r  p o l a r i s a t i o n s .
I t  m igh t a p p e a r  from  in s p e c t io n  o f  (12a) t h a t  th e  summation 
o v e r  m  ^ in v o lv e s  c r o s s  te rm s  (c o h e re n c y ) .  However, by th e  s p e c i a l  
ch o ice  o f  th e  a x i s  o f  q u a n t i s a t i o n  above , m^ i s  u n iq u e ly  s p e c i f i e d  
by m ( o r  c o n v e rse ly  m i s  s p e c i f i e d  by m^) ( o f .  d e r i v a t i o n  o f  
(11a) and (11b) a b o v e ) ,  and (12a) becomes im m ed ia te ly :
Here m^  ^ h a s  r e p la c e d  m u n d e r  th e  sy m b o l^  i n  th e  p h o to n  c a s e ;  ( o r  
s i m i l a r l y  and S have r e p la c e d  m u n d e r  th e  sy m b o l^ ^  i n  th e  p a r t i c l e  
c a s e ).
The f i r s t  termyWj^ th e  p o p u la t io n  d e n s i t y  ( i . e .  e i t h e r
m i/
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m“^  o r j ^  )• The second term, on summing o v e r  th e  r e l e v a n t  
p o l a r i s a t i o n  v a r i a b l e s  in v o lv e s  th e  p r o b a b i l i t y  o f  m u l t ip o le  
o r d e r  r a d i a t i o n  i n t e n s i t y  ^ ( 0 )  ( o f .  §3»  ( i i ) ) #  C onsequ en tly
(12b) can  be w r i t t e n  im m ed ia te ly  a s ;
I Ç /^-1 ( 12c)
and P i s  a  f u n c t i o n  o f  0 o n ly .
The use  o f  m u l t ip o le  o r d e r  r a d i a t i o n  th e o r y  h e re  makes c l e a r  
th e  fu n d am en ta l b a s i s  o f  th e  c o r r e l a t i o n  m ethod.
C o n s id e r in g  o n ly  T -  Y c a sc a d e s  ( c f .  e . g . , B iedenh arn  and
) 2 
R ose, (1953)) P (c )  h as  been  shown a po ly nom ina l i n  co s  e • ^b.e
h ig h e s t  power o f  (c o s^ o )d o e s  n o t  exceed  e i t h e r  o f  th e  two m u l t ip o le
o r d e r s  ( t o ,  t j  n o r  does i t  exceed  th e  a n g u la r  momentum number
o f  th e  in te r m e d ia te  s t a t e .
The e x p r e s s io n  f o r  t r i p l e  cascade  p r o c e s s e s  w i l l  im ply a  
g e n e r a l i s a t i o n  o f  ( 12a )  and w i l l  in v o lv e  c r o s s  te rm s  (co h e ren cy )  
u s u a l l y .  T h is  w i l l  be r e f e r r e d  t o  a g a in  i n  c h .3 .
( i i )  E x p e r im e n ta l  Work.
The f i r s t  e x p e r im e n ts  c a r r i e d  ou t on a n g u la r  c o r r e l a t i o n s  
u t i l i s e d  G e ig e r  c o u n te r s  (K ik u c h i,  W a ta se , and I to h  (1 9 4 2 ) ,
B e r in g e r  (1 9 4 3 ) ,  and Good (1 9 4 8 ) . F o r  Br®^, Y®® and Co®
l i t t l e  ev id en ce  o f  a n i s o t r o p y  was found . Assuming th e  l i f e t i m e  
t o  be s u f f i c i e n t l y  s h o r t  t o  av o id  r e o r i e n t a t i o n  betw een s u c c e s s iv e  
e m is s io n s  some a n i s o t r o p y  would have been  e x p e c ted  f o r  th e s e  even  
even  n u c l e i .  F o r  th e s e  and o t h e r  r e a s o n s  Brady and D eu tsch  (1947, 
1948) i n v e s t i g a t e d  s e v e r a l  s o u rc e s  in c lu d in g  E a^^ , Co^^ and Y®® 
u s i n g /
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u s in g  s c i n t i l l a t i o n  c o u n te r s .  F o r  Co^^ and an a n i s o t ro p y
f ( 0) c o n s i s t e n t  w i t h ; -
' 2 4
f ( e )  m 1 COS 0 + 1 cos 0
ÏÏ ■5T
was fo und , s u g g e s t in g  a  0 - Q - 2 - Q - 4  t r a n s i t i o n .  The 
a n i s o t r o p y  f o r  Yh®® was l e s s .  The in c r e a s e d  e f f i c i e n c y  and 
s h o r t e r  r e s o lv in g  tim e o f  th e s e  ex p e r im e n ts  u s in g  n ap h th a le n e  
as  s c i n t i l l a t o r  p e r m i t t e d  a  c o u n t in g  r a t e  ro u g h ly  100 t im e s  
g r e a t e r  th a n  t h a t  o f  th e  g a s  c o u n te r  e x p e r im e n ts  which th e y  s u p e r ­
sed ed . The e x p e r im e n ts  were e x ten d e d  by M etzger and D eu tsch  (1950) 
so t h a t  th e  p o l a r i s a t i o n  was a l s o  examined and th e  p a r i t y  changes 
d e te rm in e d .
y - r a y  a n g u la r  d i s t r i b u t i o n  e x p e r im e n ts  were c a r r i e d  o u t  by 
Devons and p in e  (1949) and by J a c o b s ,  Malmberg and V/ahl (1948) 
u s in g  g a s  c o u n te r s .  I n i t i a l  y - ra y  a n g u la r  d i s t r i b u t i o n  s t u d i e s  
o f  p r e l im in a r y  ty p e  u s in g  a  s c i n t i l l a t i o n  c o u n te r  were r e p o r te d  
on by K ern, Moak, Good and R obinson  (1951) f o r  th e  case  o f  p ro to n  
c a p tu re  by
The work d e s c r ib e d  in  Ch. 3 s t a r t e d  w i th  a check  experim en t 
on th e  a n g u la r  c o r r e l a t i o n  o f  Co^^ y - r a y s .  As no work a t  a l l  had 
been  done on y -Y  - r a y  a n g u la r  c o r r e l a t i o n  in v o lv in g  p a r t i c l e  
r e a c t i o n s ,  and a s  t h i s  work was com plem entary t o  a n g u la r  d i s t r i b u t ­
io n  m easurem ents , i t  was d e c id e d  to  i n v e s t i g a t e  th e  a n g u la r  c o r r e ­
l a t i o n  between th e  two c a s c a d in g  Y -rays  e m i t te d  by th e  p ro to n  
c a p tu re  p ro c e s s  o f  B^^, l e a d in g  t o  th e  even even  n u c le u s  C^g, and 
t h i s  work i s  d e s c r ib e d ,  i n  c h . 3 (o f .  t o o ,  Lewis (1 9 5 2 )a ) .  Work 
i n v o lv in g /
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in v o lv in g  Y " Y  ra y  a n g u la r  c o r r e l a t i o n  i n  a  d i f f e r e n t  p la n e  
was p u b l i s h e d  in d e p e n d e n t ly  by H ubbard , E e ls o n ,  and Ja c o b s  (1952).
I t  sh o u ld  be m en tioned  t h a t  w h ile  i t  h a s  been  found con­
v e n ie n t  t o  r e f e r  t h i s  work done h e re  on a n g u la r  c o r r e l a t i o n s  to
C h a p te r  3 ,  i t  was a c t u a l l y  c a r r i e d  o u t b e fo re  th e  m ain work o f
87C h ap te r  2 ; i t  i n  f a c t  p re c e d e d  th e  s tu d y  o f  Rb
In  c o n c lu s io n  m en tio n  sh o u ld  be made o f  th e  e f f e c t s  o f  
env ironm ent i n  c o r r e l a t i o n  work. The env ironm en t can  u n d e r  
c e r t a i n  c i r c u m s ta n c e s  a f f e c t  th e  i n i t i a l  o r i e n t a t i o n  a s  w e l l  a s  
th e  r e o r i e n t a t i o n .  M oreover i f  th e  i n i t i a l  o r i e n t a t i o n  i s  
s u f f i c i e n t l y  p ronounced  an  a n g u la r  r e l a t i o n  sh o u ld  be o b ta in e d  
f o r  o n ly  one Y - r a y  r e l a t i v e  to  some d e te rm in in g  a x i s .  The 
e f f e c t  o f  env ironm ent i n  y  -  Y a n g u la r  c o r r e l a t i o n s  was 
d em o n s tra ted  by A e p p l i ,  B ish op , F r a u e n f e l d e r ,  W a lte r  and Z u n t l i  
(1951) f o r  Cd^^^ p roduced  from  In ^ ^ ^ , where th e  l i f e t i m e  o f  th e  
in te rm e d ia te  s t a t e  was l o n g , abou t 10~^sec . The a n i s o t r o p y  
v a r i e d  betw een 0 and 16^ f o r  v a r io u s  so u rce  e n v i r o n m e n ts . , 
O r i e n ta t i o n  o f  th e  i n i t i a l  s t a t e  h as  b een  o b se rv e d  by D a n ie l s ,  
Grace and R obinson  (1 9 5 1 ), ( o f .  to o  B lean ey  (1 9 5 1 )) ;  o t h e r  
m ethods o f  o r i e n t a t i o n  have been p ro p o sed .
CHAPTER 1
Y-ray MEASUREMENT AND SPECTROSCOPY
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CHAPTER I .
GAMMA RAY MEASUREMBÏÏT MD SPECTROSCOPY, 
g 1 EARLY PRELIMIEARY WORK.
( i )  P hosphor Com parison T e s t s .
The f i r s t  e x p e r im e n ts  c a r r i e d  o u t  were in te n d e d  to  examine 
th e  g e n e r a l  c h a r a c t e r i s t i c s  o f  th e  s c i n t i l l a t i o n  m ethod, w i th in  
th e  l i m i t s  imposed a t  t h a t  t im e . Z inc  s u lp h id e ,  a n th r a c e n e ,  
n a p h th a le n e  and a c t i v a t e d  sodium io d id e  had  been  r e p o r t e d  on in  
th e  l i t e r a t u r e  ( c f .  i n t r o d u c t i o n ) .  Rough t e s t s  were t h e r e f o r e  
c a r r i e d  ou t on some common f l u o r e s c e n t  and t r a n s p a r e n t  m a t e r i a l s  
t o  d e te rm in e  t h e i r  re sp o n se  to  r a d i a t i o n s ,  i n  p a r t i c u l a r  t o  th e  
o c - ra y s  o f  po lon ium , th e  r a y s  o f  a  rad o n  seed  ( e f f e c t i v e l y  th e  
r a d i a t i o n s  o f  RaD and RaE), and Y r a d i a t i o n s ,  in c lu d in g  th o s e  o f  
Go^^. An E .M .I. s id e  window m u l t i p l i e r  ty p e  4140 was p r i m a r i l y  
employed.
The ad van tag e  o f  a n th ra c e n e  o v e r  n a p h th a le n e  was f i r s t  
co n f irm ed , and th e  «  re sp o n se  o f  th e s e  seemed t o  be low compared 
w ith  th e  p - r e s p o n s e .  The s u p e r i o r i t y  o f  a n th ra c e n e  o v e r  n a p h th a ­
le n e  was shown t o  c o n t in u e  when a  1 P28 m u l t i p l i e r  m atch in g  th e  
e m is s io n  bands o f  n a p h th a le n e  was em ployed, i n  f a c t  by a f a c t o r  
o f  abou t 3 . I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  re sp o n se  o f  
a n th ra c e n e  ex ceed s  t h a t  o f  a  ry 2^o m ix tu re  o f  a n th ra c e n e  i n  
n a p h th a le n e ,  a l s o  by a  f a c t o r  o f  3. Among th e  s u b s ta n c e s  
i n v e s t i g a t e d  were f lu o rs p a r  and s o l u t i o n s  o f  a n th ra c e n e  i n  benzene . 
The p eak  re sp o n se  o f  f l u o r s p a r  to  p^yrays was i n f e r i o r  t o  t h a t  o f  
a n t h r a c e n e . /
-  30 -
a n th r a c e n e .  Weak s c i n t i l l a t i o n s  o n ly  were o b ta in e d  from  th e  
s o l u t i o n s .
Very weak e f f e c t s  were p roduced  i n  v a r io u s  g l a s s e s  and 
o t h e r  t r a n s p a r e n t  m a t e r i a l s .  T h is  l a t t e r  can  a r i s e  i n  s e v e r a l  
ways; f o r  e l e c t r o n s  some o f  i t  i s  due t o  Cerenkov r a d i a t i o n  
(Gerenkov 19 3 4 ).
(11) C r y s t a l l i s a t  io n .
F o llo w in g  t h i s ,  m ethods o f  p u r i f y i n g  and c r y s t a l l i s i n g  
a n th ra c e n e  were examined by th e  a u th o r  and c r y s t a l s  o f  app rox im ate  
s i z e  1 cm. d ia m e te r  x  ^  cm. t h i c k  were p re p a re d  from  a  sm a ll  amount 
o f  m e l t .  The p re se n c e  o f  an  i n e r t  g a s  was found n e c e s s a ry .  The 
m a t e r i a l  was p la c e d  i n  a  sm a ll  tu b e^su sp en d ed  in  a  g l a s s  p o t  con­
t a i n i n g  th e  i n e r t  g a s  k e p t  a t  o r  n e a r  a tm o sp h e r ic  p r e s s u r e  by 
means o f  a  r e s e r v o i r .  The p o t  was immersed i n  a  howl o f  l i q u i d  
p a r a f f i n ,  e l e c t r i c a l l y  h e a te d .  Slow c r y s t a l l i s a t i o n  o f  th e  m elt  
co u ld  be a r ra n g e d  by k ee p in g  th e  b a th  a p p r o p r i a t e l y  h e a te d ,  i n  
v iew  o f  th e  i n s u l a t i n g  p r o p e r t i e s  o f  th e  g a s  su r ro u n d in g  th e  m e l t .
S u b s e q u e n t ly ,  when th e  need  a r o s e ,  n a p h th a le n e  c r y s t a l s  were 
a l s o  p r e p a r e d ,  and th e s e  were r e l a t i v e l y  easy  t o  make. B locks 
^ l " c u b e  c o u ld  be o b ta in e d  by p e r m i t t in g  th e  m e lt  to  c o o l  s low ly  
in  a  p o t  immersed i n  a  l a r g e  b a th  o f  w a te r .  L a t e r  l a r g e  c i y s t a l s  
B" cube were p re p a re d  by v e ry  slow  s u r f a c e  c o o l in g  o f  th e  m e l t ,  
th e  w a te r  b a th  b e in g  k e p t  a lm ost a t  th e  m e l t in g  p o i n t .
C r y s t a l s  o f  sodium  io d id e ,  t h a l l i u m  a c t i v a t e d ,  were p re p a re d  
by a  d i f f e r e n t  m ethod. The m a t e r i a l s  were p la c e d  in  a  c a p su le  
t a p e r e d  a t  th e  one end , ( t o  i n i t i a t e  c r y s t a l  g row th  l a t e r ) ,  and 
s e a le d  up n e a r  th e  m e l t in g  p o in t  a f t e r  e x t r a c t i n g  th e  a i r .  The 
c a p s u le /
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c a p s u le  was th e n  a l lo w ed  to  f a l l  s lo w ly  th ro u g h  a v e r t i c a l  
te m p e ra tu re  g r a d i e n t ,  f i r s t  p e r ^ i i t t i n g  m e l t in g ,  and su b se q u e n t ly ,  
slow c o o l in g .
{ i i i )  P ho spho r E f f i c i e n c y .
I t  seemed w orth  w h ile  i n v e s t i g a t i n g  ro u g h ly  th e  a b s o lu te  
e f f i c i e n c y  o f  a n th r a c e n e ,  t o  d e te rm in e  a p p ro x im a te ly  how g r e a t  
th e  e n e rg y  w astage was. One o f  th e  c r y s t a l s  made above was 
i r r a d i a t e d  by f l u o r e s c e n t  X -ra y s  o f  co p p e r  ( /v 8Kev. ) ,  o b ta in e d  
from  X -ray  p h o t o e l e c t r i c  a b s o r p t io n  i n  a  copp e r f o i l .  T h is  
f l u o r e s c e n t  r a d i a t i o n  would y i e l d  p h o to e l e c t r o n s  and Compton 
e l e c t r o n s  i n  th e  a n th r a c e n e .  The app rox im ate  maximum p u ls e  h e ig h t  
o b ta in e d  was compared w i th  t h a t  d ev e lo p ed  by s in g le  p h o to n s  which 
were a llo w ed  to  l e a k  in  (w hich would l i b e r a t e  s in g l e  e l e c t r o n s  
from  th e  c a th o d e ) .  Lead g l a s s  was u se d  to  s h i e l d  th e  p h o to ca th o d e  
from d i r e c t  X - r a d i a t i o n ,  s in c e  th e  X -ra y s  o th e rw is e  p roduced  an 
a p p r e c ia b le  d i r e c t  e f f e c t  on th e  m u l t i p l i e r .  A s i g n a l  t o  n o is e  
r a t i o  o f  about S / l  on th e  ca th o d e  ra y  tu b e  d i s p l a y  was a c h ie v e d ,  
i . e .  , abou t 1 Kev o f  en e rg y  p e r  p h o to e le c t r o n .  A dopting  th e  
m ak er’ s s p e c i f i c a t i o n  f o r  t h e ^  a / lum en  s e n s i t i v i t y  o f  th e  E .M .I .  
m u l t i p l i e r  ty p e  5050 u s e d ,  th e  o b s e r v a t io n s  c o rre sp o n d ed  to  about 
60 e v o f  en e rg y ypho ton  and an  a n th ra c e n e  e f f i c i e n c y  n e a r  5^.
Because o f  th e  now known non l i n e a r  re sp o n se  i t  sh o u ld  be somewhat 
g r e a t e r  a t  h ig h e r  e n e r g i e s  ( c f .  H opkins 1 951). I t  i s  o f  i n t e r e s t  
t o  n o te  t h a t  r e c e n t  work by F u r s t ,  K allm an and Kramer (1953) u s in g  
i n t e g r a l  m ethods l e a d  to  an  e f f i c i e n c y  o f  10^  thou gh  peak  m ethods 
l i s t e d  t h e r e  have g iv e n  r e s u l t s  i n  th e  r e g io n  o f  ( ^  -  4)^ ;  
r e f e r e n c e /
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r e f e r e n c e  to o  sh o u ld  be made t o  th e  r e s u l t s  o f  B i r k s  and S z e n d re i  
(1 9 5 3 ) .  E x p er im en ts  o f  J a c k so n  and H a r r i s o n  (1953) i n d i c a t e  t h e r e  
i s  a t  l e a s t  some sm all  l o s s  o f  ene rg y  by lo ng  te rm  phosphorescence  
which would n o t  r e g i s t e r  in  p eak  m ethods o f  m easurem ent.
( i v )  Tube E o is e .
E a r ly  i n v e s t i g a t i o n s  on th e  re sp o n se  o f  a  c r y s t a l  to  Y -ray s  
showed s u b s t a n t i a l  c o n t r i b u t i o n s  t o  th e  p u ls e  h e ig h t  d i s t r i b u t i o n s  
a t  low er e n e r g i e s  where tu b e  n o is e  e f f e c t s  were p r e s e n t .  W ith  
th e  E .M .I .  tu b e s  o p e r a t in g  a t  v  120 V o l t / s t a g e , th e  n o is e  f e l l  
ab o u t 5 t im e s  f o r  a  40^0. f a l l  i n  te m p e ra tu re  from  room te m p e ra tu re  
( c f .  to o  E ngstrom  1952). To red uce  r e g e n e r a t iv e  e f f e c t s  a t  h ig h e r  
v o l t a g e s  th e  ca th o d e  and c o n ta in in g  can  a fe  run  a t  e a r t h  p o t e n t i a l .  
I n  w orking n e a r  th e  n o i s e  l e v e l  c a re  h a s  t o  be t a k e n  t o  av o id  
s a t e l l i t e  p u l s e s  from  th e  tu b e  o r  p h o sp h o r  ( c f .  e . g . , § 5 ) .
§ 2 Y -RAY ABSORPTIOE MD mASUREMEET.
A t t e n t i o n  was i n i t i a l l y  fo c u s s e d  on th e  Compton energy  r e g io n  
f o r  o rg a n ic  s c i n t i l l a t o r s ,  ( ^  lOOKev to  ^  2 Mev), where unam biguous 
s p e c i f i c a t i o n  o f  Y - r a y  energy  co u ld  be hoped f o r .  The form  o f  
th e  Compton re sp o n se  to  be e x p e c te d  i s  d i s c u s s e d  below .
In  th e  Compton p ro c e s s  th e  p r o b a b i l i t y  dq> , o f  o b ta in in g  a  
quantum o f  e n e rg y  K s c a t t e r e d  betw een  a n g le s  0 and ( 0 +d0) t o  th e  
d i r e c t i o n  o f  in c id e n c e  o f  th e  i n i t i a l  r a d i a t i o n  Ko i s  g iv e n  by th e  
K lè in  E i s h in a  f o r m u la ; -
à® = K! ( ^  _ su^Q) dvQ 0^^)
' Ko’- \  ° '
( o f .  He I t  1 e r  (1947 )p (154) a 411. ( 51) )
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F i g . 6. E xpec ted  e l e c t r o n  en e rg y  d i s t r i b u t i o n  due to 
Compton e f f e c t , f o r  Y -ray  e n e r g i e s  kg o f  280 kev*, 
510 k e v . , and f o r  l a r g e  e n e r g i e s .
— 33 —
In  v iew  o f  th e  momentum r e l a t i o n ;
K* koK____________  (liW)
where Lt i s  th e  e l e c t r o n  r e s t  m ass ,
e  -  SvUg)
dL& [  ko ( I -  ^
The d i s t r i b u t i o n  o f  e l e c t r o n  en e rg y  f*(Ko-x) , f o r  a  f ix e d  Ko w i l l  
be e s s e n t i a l l y  g iv e n  them b y ; -
F o r  v e ry  l a r g e  K o (K o » h ) ,  th e  r a t i o  Ko/ k i s  l a r g e  f o r  th e  back 
s c a t t e r e d  q_uanta o f  en e rg y  ^l^and th e  d i s t r i b u t i o n  J)eaks v e ry  
s h a rp ly  f o r  e l e c t r o n  e n e r g i e s  c lo s e  t o  th e  maximum ene rg y  ( K o - W J .
The d i s t r i b u t i o n  f o r  Ko I s  i l l u s t r a t e d  by th e  d o t t e d  
cu rve  o f  f i g .  3 ,  a s  a  f u n c t io n  o f  S/Ko , i n  th e  ene rgy  r e g io n  below  
th e  Compton edge (which i s  n o t  shown) a t  E/Ko c lo s e  t o  1 . The
d i s t r i b u t i o n s  f o r  Y - r a y  e n e r g i e s  o f  510 Kev and 280 Kev a re  shown
( ) 
f o r  com parison  ( o f .  to o  H o f s t a d t e r  and M cIn ty re  (1 9 5 0 )b ) .
I t  shou ld  be n o te d  i n  p a s s i n g ,  u s in g  e q u a t io n  (1 3 c ) ,  th e
s c a t t e r e d  quantum energy  K i s  o n ly  a  s low ly  v a r y in g  f u n c t i o n  o f  0,
f o r  backward s c a t t e r e d  q u an ta  h av in g  0 c lo s e  t o  180^. The e l e c t r o n
energy  l i b e r a t e d  In  th e  c r y s t a l  a s s o c i a t e d  w i th  backward s c a t t e r e d
q u a n ta  i s  t h e r e f o r e  r e l a t i v e l y  homogeneous. T h is  i s  made, u s e  o f
i n  th e  two c r y s t a l  method d e s c r ib e d  below .
E a r ly  i n v e s t i g a t i o n s  were o f t e n  made u s in g  d i s c r i m i n a t o r  b i a s
c u r v e s .  With th e  e a r l y  tu b e s  and c r y s t a l s  th e  d i s c r i m i n a t o r  c u rv e s
h e re  and e lsew here  c o n t in u e d  t o  r i s e  s h a rp ly  a t  th e  lo w er e n e rg y
en d . At t h i s  s ta g e  th e  two c r y s t a l  method was t r i e d  o u t .  One
c r y s t a l /
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^ i g . 4.Two c r y s t a l  method o f  d e te rm in in g  T -ra y  energy.
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F i g .  5 . P r e l im in a r y  d i s c r i m i n a t o r  cu rv e  f o r  Co^^ Y-
r a y s  u s in g  two c r y s t a l  m ethod.
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c r y s t a l  was i r r a d i a t e d  by c o l l im a te d  T - r a y s  a s  shown i n  f i g .  4 
and was u se d  to  d e te rm in e  th e  e l e c t r o n  ene rgy  ( k o - k ) . The o t h e r  
c r y s t a l ,  i n  c o in c id e n c e  w i th  i t ,  was sc re e n e d  from  d i r e c t  r a d i a t i o n  
and p ic k e d  up back s c a t t e r e d  r a d i a t i o n .  Only th e  e l e c t r o n s  o f  
h i g h e s t  e n e r g i e s ,  i n  t h e  im mediate neighbourhood  o f  th e  Compton 
edge i n  th e  f i r s t  c r y s t a l  co u ld  t h e r e f o r e  c o n t r ib u t e  t o  th e  f i r i n g  
o f  th e  c o in c id e n c e  u n i t .  The f i r s t  c r y s t a l  (C j) was a sm a l l  cube 
o f  n a p h th a le n e ,  and t h e  second  (Gg) was a  conglom era te  o f  t h a l l i u m  
a c t i v a t e d  sodium io d id e  c r y s t a l s .  The two m u l t i p l i e r s  were th e  
s id e  window tu b e .  E .M .I .  ty p e  4140, and th e  1 cm. ca th ode  E .M .I .  
tu b e  ty p e  5060 {the o n ly  tu b e s  a v a i l a b l e  t h e n ) .  The o u tp u t s  from  
th e  two c o u n te r s  l e d  a f t e r  a m p l i f i c a t i o n  to  two d i s c r i m i n a t o r s ,  
w hich co u ld  a c t i v a t e  a  c o in c id e n c e  u n i t .  The a m p l i f i e r  sys tem s 
were d e s ig n ed  to  m a i n t a i n  a  f a s t  r e s p o n s e ,  o u tp u t  l e a d s  b e in g  
k e p t  s h o r t ,  so t h a t  t h e  d i s c r i m i n a t o r s  co u ld  f i r e  t o g e t h e r .  The 
c o in c id e n c e  u n i t  had a  r e s o lv in g  tim e o f ^ \  y tsec . The c o u n te r  
; Og had t o  be w e l l  s c re e n e d  t o  cu t  down random^ The 
d i s c r i m i n a t o r  a s s o c i a t e d  w ith  th e  c r y s t a l  Cg was p la c e d  a t  a  f i x e d  
s e t t i n g .  The b i a s  on th e  o th e r  d i s c r i m i n a t o r  was v a r i e d  and th e  
co in c id e n c e  c o u n ts  were d e te rm in ed  a s  a f u n c t io n  o f  d i s c r i m i n a t o r  
b i a s .
A p lo t  o f  th e s e  v e r y  p r e l im in a ry  r e s u l t s  i s  shown in  f i g .  5,
60when a  source o f  Co was employed. The d i s c r i m in a to r  cu rve  shows 
a  p a r t i a l  p l a t e a u  as  e x p e c te d ,  b u t  no r e a l  s ig n  o f  two p la te a u x .
I t  was r e a l i s e d  t h a t  t h e  u se  o f  a  v a r i a b l e  d i s c r i m i n a t o r  was not 
v e ry  s a t i s f a c t o r y  and t h a t  th e  o p t i c a l  a r ran g em en ts  were n o t  good, 
n e v e r t h e l e s s /
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F ig . 6 E le c t r o n  en e rg y  d i s t r i l n i t i o n  i n  th e  
s c a t t e r e r  , i n  th e  two c r y s t a l  m e th o d ,fo r
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n e v e r t h e l e s s  th e  c o n s i d e r a t l y  im proved re sp o n se  o v e r  t h a t  o b ta in e d  
u s in g  o n ly  a s in g le  c r y s t a l  a t  t h i s  tim e se rv ed  t o  emphasize th e  
ad v an tage  o f  th e  two c r y s t a l  method from  an energy  r e s o l u t i o n  v iew ­
p o i n t .  S te p s  were t h e r e f o r e  ta k e n  t o  sec u re  an  improved e x p e r i ­
m en ta l  a r ran g em en t,  i n c o r p o r a t in g  k i c k s o r t e r  techn iq ,ue . A d d i t io n a l  
tu b e  perfo rm ance and s e l e c t i o n  t e s t s ,  e . g . ,  u s in g  l i n e  p s o u rc e s
were a l s o  p ro bed . W h i ls t  th is ^ w o rk  was p ro c e e d in g ,  H o f s t a d t e r  and 
M cIn ty re  (19 5 0 )a e s t a b l i s h e d  c o n c lu s iv e ly  th e  two c r y s t a l  method
and i t s  m e r i t s .  The method was l a t e r  u s e d  here  f o r  i n v e s t i g a t i o n s
140on th e  T - r a y s  o f  La , and a curve u t i l i s i n g  th e  method i s  
i n d i c a t e d  in  f i g .  6 ( o f .  Bannennan, L ew is , and C urran  (1951) and 
p r e f a c e ) .  I t  p e r m i t s  i n t e n s i t y  a s s ig n m e n ts  to  be made o f  th e  
Y - r a y s  a s s o c i a t e d  w i th  th e  i n d i v i d u a l  p ea k s .  The d i r e c t  o b s e r v a ­
t i o n  o f  th e  weak h ig h  e n e rg y  r  - r a y  m easured  to  be 2 .5 5  Mev^ 2 ^  
v/as o f  p a r t i c u l a r  i n t e r e s t .  I t  had been  p r e v io u s ly  m easured by 
th e  p h o t o d i s i n t e g r a t i o n  o f  d e u te r iu m  (W attenberg  (1 94 7 ), Hanson 
(1949). B ish o p , W ilson  and H alban  (1 9 5 0 ) ) .  F u r th e r  r e f e r e n c e  to  
th e  Y - r a y  sp ec tru m  o f  La^^^ and i t s  decay  scheme i s  d e f e r r e d  
u n t i l  l a t e r .
The two c r y s t a l  m ethod, w h i l s t  a l lo w in g  an  assessm en t o f  
r e l a t i v e  i n t e n s i t y  a s  w e l l  a s  an  ass ignm en t o f  energy^ s u f f e r s  
from  s o l i d  an g le  r e s t r i c t i o n s .  Some improvement can be e f f e c t e d  
by making th e  second c r y s t a l  r i n g  shaped abou t th e  i n c id e n t  
d i r e c t i o n .
F o r  com parison  p u rp o se s  th e  s in g l e  c r y s t a l  Compton e f f e c t  i s  
d e m o n s tra te d /
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P ig .  7. Response o f 1 cm^ c r y s t a l  o f  an th ac en e  to  
th e  280 k e v .Y -ra y  o f
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d e m o n s tra te d  e x p e r im e n ta l ly  by th e  more r e c e n t  f i g .  7 , f o r  th e
£03 3
280 Kev Y’^ r a y s  o f  H in  1 cm. a n th ra c e n e .  The X r a d i a t i o n
th o u g h  n o t  s c re e n e d  o f f  i s  o f  l i t t l e  e f f e c t  in  th e  r e g io n  shown.
The h ig h  en e rg y  p a r t  o f  th e  spec trum  a c c o rd s  a p p ro x im a te ly  w i th
t h e o r y ,  a l lo w in g  f o r  th e  f i n i t e  r e s o l u t i o n .  The low e n e rg y  p a r t
r i s e s  p a r t l y  because  o f  back  s c a t t e r i n g  from  th e  m u l t i p l i e r  g l a s s  
w ork*Pig  36 i s  a n o th e r  i n s t a n c e  o f  th e  s i n g l e  c r y s t a l  Compton e f f e d
The developm ent o f  s i n g l e  c r y s t a l  te c h n iq u e  h as  been  th ro u g h ­
ou t a  dominant problem , a s  a l l  s c i n t i l l a t i o n  work i s  u l t i m a t e l y  
dependent upon th e  re sp o n se  o f  a  s in g le  c r y s t a l .  I tem s o f t e n  
a p p e a r in g  maybe r e l a t i v e l y  t r i v i a l  i n  r e t r o s p e c t  e n a b le d  c o n s i d e r ­
a b le  advance to  be made. R e fe re n c e  can be made t o  two a s p e c t s .
The f i r s t  r e f e r s  to  d l s c o l o u r a t i o n s  i n  c r y s t a l s ,  a c t u a l l y  s u r f a c e  
d i s c o l o u r a t i o n s  which h in d e re d  p r o g r e s s ,  th e  i n t r o d u c t i o n  in  
c o n n e c t io n  w ith  t h i s  work h e r e  o f  th e  s im p le r  o rg a n ic  s o l v e n t s ,  
and th e  developm ent by o t h e r s  o f  th e  d ry  box m ethods, h e lp e d  i n  
t h i s  d i r e c t i o n .  The second was th e  s u g g e s t io n  by o t h e r s  o f  
magnesium ox ide  a s  a  s c i n t i l l a t i o n  r e f l e c t o r  a s  a  s u b s t i t u t e  f o r  
a lum inium  and o t h e r  m e t a l l i c  r e f l e c t o r s .  The com m ercial p r o d u c t io n  
o f  c r y s t a l s  and im provem ents i n  m u l t i p l i e r s  and th e  a b i l i t y  t o  
s e l e c t  have p la y e d  a v i t a l  p a r t  ( c f .  i n t r o d u c t i o n ) .
As an  example o f  th e  u s e  o f  t h e s e  te c h n iq u e s  r e f e r e n c e  may be 
made to  f i g .  25 which shows th e  p eak  o b ta in e d  from  ^  mev r a d i a t i o n ,  
by th e  c o in c id e n c e  o f  th e  t o t a l  pho topeak  and m u l t i p l e  Compton 
p eak , i n  a com posite  b lo c k  o f  sodium iod ide  e f f e c t i v e l y  1-J” cube. 
L a s t l y  i t  sh o u ld  be m en tio n ed  t h a t  in  d e te r m in a t io n s  o f  Y-ray
a n d /
Decay scheme of La^ *®,
Fig . 8.
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and r e l a t e d  e n e r g ie s  th e  l i n e a r i t y  o f  th e  m easu r in g  a p p a ra tu s  
h a s  a lw ays  been checked , and a p p r o p r i a t e  c a l i b r a t i o n s  made.
The p h o t o m u l t i p l i e r  o u tp u t  s i g n a l  v o l t a g e  was low. The work 
o f  R a f f l e s  and R obbins (1952) em phas izes  th e  need  f o r  c a re  
i n  t h i s  d i r e c t i o n  w i th  E .M .I .  m u l t i p l i e r s ,  e s p e c i a l l y  w i th  th e  
f a s t e r  o rg a n ic  p h o sp h o rs .
140
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The e f f i c i e n c y  and speed  o f  s c i n t i l l a t i o n  c o u n te r s  r e n d e r  
them  o f  e x c e p t io n a l  v a lu e  i n  th e  s tu d y  o f  c o in c id e n c e s .  With 
th e  developm ent o f  th e  t e c h n iq u e ,  th e  Y- r a y s ,  a s  w e l l  a s  th e  
p a r t i c l e s ,  in v o lv e d  in  th e  d e c a y , become a c c e s s i b l e  t o  c o in c id e n c e  
s tu d y  from  an  ene rgy  v ie w p o in t .  I n  exam in ing  th e  c o in c id e n c e  
m ethods a v a i l a b l e  th e  decay  o f  La^^^ was i n v e s t i g a t e d  f u r t h e r .
The double  c i y s t a l  m ethod ( c f .  f i g .  6) had i n d i c a t e d  th e  l i n e s  a t  
0 .4 9 ,  0 .8 2 ,  1 .6 2  Mev t o  be th e  i n t e n s e  o n es .  The 2 .5 5  Mev Y -ray  
and a 0 .3 3 5  Mev Y -ray  were e q u a lly  weak. The decay scheme o f  
p u t  fo rw ard  by B each , P eacock  and W ilk in so n  (1949) i s  
i l l u s t r a t e d  in  f i g .  8 , and  was b a se d  e s s e n t i a l l y  on m ag ne tic  
s p e c tro m e te r  m easu rem en ts . P r e v io u s ly  g-Y and Y-Y c o in c id e n c e s  
had  been  r e p o r t e d  w i th o u t  d i r e c t  ev id en c e  o f  th e  Y -ray  e n e r g ie s  
in v o lv e d ,  ( c f .  Osborne and P eacock  (1 9 4 6 );  M i t c h e l l ,  Langer, and 
Brown (1 9 4 7 );  Mande v i l l e  and S cherb  (1 9 4 8 )) .
The s u g g e s t io n  was t h e r e f o r e  made t h a t  Y *-:Y c o in c id e n c e s  be 
o b se rv e d , u s in g  a n th ra c e n e  i n  one o f  the  two c o u n te r s .  Those o f
th e  a n th ra c e n e  p u l s e s  which f e a t u r e  in  c o in c id e n c e s  co u ld  be 
r e c o r d e d /
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F ig ,  9 . P u lse  h e ig h t  d i s t r i b u t i o n s  i n  a sm all 
a n th ra c e n e  c r y s t a l  due to  a b s o r p t io n  o f  La^^^ 
T ~ r a y s ; ( a )  w ith  c o in c id e n c e  c o n t r o l  , (b) 
w i th o u t  c o n t r o l .
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re c o rd e d  by a  k i c k s o r t e r .  The u se  o f  a n th ra c e n e  would en ab le  
each  Y - r a y  to  be re c o g n iz e d  by i t s  Compton edge e f f e c t .
A m b ig u i t ie s  which m ight a r i s e  u s in g  sodium io d id e  i n  t h i s  
p o s i t i o n  would be av o id ed . I f  two Y - r a y s  would be o b se rv e d  in  
th e  k i c k s o r t e r  d i s p l a y  th e n  th e s e  would be in  cascad e  w ith  one 
a n o th e r .  I f  t h r e e  o r  more were t o  a p p e a r  in  th e  k i c k s o r t e r  
d i s p l a y ,  f u r t h e r  t e s t s  would have t o  be a p p l ie d  t o  d e te rm in e  
t h e i r  r e l a t i o n s h i p .  The s im p le s t  method th e n  would r e q u i r e  th e  
i n t r o d u c t i o n  o f  an  a p p r o p r ia t e  d i s c r i m i n a t o r  s e t t i n g  in  th e  o t h e r  
c h a n n e l .
Care must be ta k e n  to  keep th e  random p u l s e s  low s in c e  th e  
random c o in c id e n c e s  w i l l  d i s p la y  th e  f u l l  norm al p u ls e  d i s t r i b u t i o n  
o f  th e  a n th ra c e n e  c r y s t a l  w i th o u t  c o in c id e n c e  c o n t r o l .  F ig .  9 
shows some o f  th e  r e s u l t s  o b ta in e d  by t h i s  method (w ith  g p a r t i c l e s  
s c re e n e d  o f f ) .  The f u l l  p u ls e  h e ig h t  d i s t r i b u t i o n  o f  th e  c r y s t a l ,  
when a l l  th e  Y - r a y s  a re  a llo w ed  t o  r e c o rd  w ith o u t c o in c id e n c e  
c o n t r o l ,  i s  shown f o r  com parison , ( o f .  Bannerman, Lewis and 
C urran  (1 9 5 1 ) ,end p r e f a c e ] .
In  t h i s  d e te r m in a t io n  a  p u ls e  a r r i v i n g  a t  th e  a n th ra c e n e  
c o u n te r  was c a p ab le  o f  b e in g  d i s p la y e d  on a  ca tho de  ra y  tu b e  and 
a  b r ig h te n e d  sp o t ap p eared  a t  a  c o in c id e n c e ,  th e  d isp la c e m e n t  o f  
th e  spo t v e r t i c a l l y  b e in g  a  m easure o f  th e  p u ls e  h e i g h t .  The 
b r ig h te n e d  s p o t s  co u ld  be p h o to g rap h e d . A l t e r n a t i v e l y ,  a  f i x e d  
p h o t o m u l t i p l i e r  ( l in k e d  to  a  s c a l e r )  c o u ld  be a r ra n g e d  t o  v iew  
(and scan) th e  b r ig h te n e d  s p o ts  th ro u g h  a  f i x e d  h o r i z o n t a l  s l i t ;  
a  v a r i a b l e  known b i a s  v o l t a g e  b e in g  a p p l i e d  to  th e  Y p l a t e s  o f  th e  
c a th o d e /
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cathode  ra y  tu b e .
The 1 .6 2 ,  0 .8 2 ,  0 .4 9  Mev Y -ra y s  a p p e a r  c l e a r l y  i n  th e  
c o in c id e n c e  c u rv e .  The r e l a t i o n s h i p  o f  th e  Y -raya  co u ld  be 
made c l e a r  by s u b s e q u e n t ly  d i s c r i m i n a t i n g  i n  th e  o t h e r  c o u n te r  
so t h a t  c o in c id e n c e s  w ith  th e  1 .6 2  Mev Y -ray  were re c o rd e d .
W ith th e  a v a i l a b i l i t y  o f  l a r g e  b lo c k s  o f  sodium io d id e  a t  
th e  p r e s e n t  t im e g iv in g  s in g l e  peaks  i n  c e r t a i n  ene rg y  r e g io n s  
some o f  th e  ad v a n ta g e s  o f  a n th ra c e n e  have d is a p p e a re d .  U sing  
two Y - r a y  c o u n te r s  w ith  such  b lo c k s ,  th e  r e s p e c t i v e  p u l s e s  co u ld  
be e x h ib i t e d  a s  X and Y s h i f t s  and th e  d i s p l a y  f i lm e d .  F u r t h e r ­
more a c o n s id e r a b le  amount o f  g-Y c o in c id e n c e  work co u ld  be done
i n  s i m i l a r  m anner, each  y - r a y  d i s p l a y in g  i t s  own g spec tru m . F o r
140in s ta n c e  th e  p r e c i s e  shape o f  ea ch  o f  th e  t h r e e  g r a y s  o f  La 
cou ld  be d e te rm in e d  i n d i v i d u a l l y  w ith o u t  h av in g  to  e s t im a te  th e  
form  o f  th e  components o f  th e  com posite  g c u rv e .
In  m easu r ing  s p e c t r a  w i th  v e ry  e f f i c i e n t  c r y s t a l s  c a re  h a s  
t o  be ta k e n  to  keep th e  so u rce  s u f f i c i e n t l y  d i s t a n t  from  i t ,  o t h e r ­
wise c a sc a d in g  Y - r a y s ,  Y l  and V s ,  s a y ,  w i l l  a l s o  g iv e  an  
a d d i t i o n  peak  ( X l • + \ e ) .  A l t e r n a t i v e l y  t h i s  p r o p e r ty  can  be made 
use  o f  i n  e s t a b l i s h i n g  th e  p re se n c e  o f  cascade  p r o c e s s e s  ( c f .  th e  
i n t e g r a t i n g  method Bannerman, Lewis and C u rran  1951).
Ev idence h a s  been  g iv e n  (Bannerman, Lewis and C u rran  (1951))
t h a t  th e  .093 Y ra y  o f  f i g .  8 i s  weak and t h e r e f o r e  no t a  member
( ) 
o f  th e  main cascade  ( c f .  to o  P r u e t t  and W ilk in son  (1 9 5 3 ) ) .  T h is  i s
o f  i n t e r e s t  to o  in  v iew  o f  th e  a n g u la r  c o r r e l a t i o n  e x p e r im e n ts  a
l i t t l e  l a t e r  by R obinson and Madansky (1951) on th e  0 .8 2  and 1 .62
Mev/
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Mev Y - r a y s .  Assuming th e  two Y - r a y s  t o  he d i r e c t l y  i n  cascade  
th e y  su g g e s te d  a  p o s s ib l e  4 -Q - -  2 -  Q- 0 sequ en ce . C e r t a in
p o i n t s  f i n a l l y  r e g a rd in g  s p in  may be m en tio ned . The work o f  B each, 
P eaco ck  and W ilk in so n  (1949) i n d i c a t e d  s t ro n g  i n t e r n a l  c o n v e rs io n  
o f  th e  0 .3 3 5  Mev Y -ray . T h is  would su g g e s t  an  t  « 2 ,  o r  h ig h e r  
t r a n s i t i o n ;  and th e  com parable  i n t e n s i t i e s  o f  th e  0 .3 3 5  and 0 .8 2  
Mev Y - r a y s ,  a l lo w in g  f o r  e n e rg y ,  would su g g e s t  s i m i l a r  s p in  
changes f o r  b o th  th e s e  e m is s io n s .  The ab sen ce  o f  a  ground  s t a t e  
3 decay and th e  h ig h  f t  v a lu e s  f o r  th e  g decays  s u g g e s t  th e  
s p in  o f  La^'^O t o  be a t  le a .s t  2. The i n t e r n a l  p a i r  c o e f f i c i e n t  o f  
th e  s t r o n g  1 .6 2  Mev Y -ray  would a p p e a r  w orth  i n v e s t i g a t i n g  from  
th e s e  v ie w p o in ts .
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In  th e  i n v e s t i g a t i o n  o f  th e  d i s i n t e g r a t i o n  p r o c e s s e s  o f  Sm
155  ^ )and Eu ( c f .  W ilson and Lew is (1952))  a  re q u ire m e n t  a ro s e  f o r
th e  s tu d y  o f  c o in c id e n c e s .  ITeutron c a p tu r e  by pu re  samarium
r e s u l t s  i n  th e  fo rm a tio n  o f  th e  lo n g  l i v e d  g - e m i t t e r s  Sm^^^
155(Inghram , Hayden, and Hess (1 9 4 7 ,1 9 5 0 ) ,  Mar in sk y  (1949) and Eu
(p roduced  by th e  decay o f  s h o r t  l i v e d  Sm^^^), (Hayden, R eynolds and
145Inghram  1949). The p u re  c a p tu re  so u rce  Sm (Butement 1951)
154would a l s o  be p ro d u ced , and sm a ll  t r a c e s  o f  g e m i t t i n g  Eu , ( s t a b l e  
Eu^^^ i s  o b ta in e d  from  th e  s h o r t  l i v e d  p i l e  p ro d u c t  Sm^^^, and i t s  
n e u t ro n  c r o s s  s e c t i o n  i s  h ig h ) .
The r a d i a t i o n s  o f  Sm^^^ and Eu^^^ seemed w e l l  s u i t e d  t o  
p r o p o r t i o n a l /
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p r o p o r t i o n a l  c o u n te r  t e c h n iq u e s  and a s tu d y  o f  th e  p i l e  p ro d u c t
from  t h i s  a s p e c t  had been  s t a r t e d  (o f ,  p r e f a c e ) .  I t  had been
hoped t h a t  one o r  o t h e r  o f  t h e s e  r a d i o a c t i v e  m a t e r i a l s  would be
p re d o m in a n t ,  in  a  sample i r r a d i a t e d  f o r  8 weeks a t  a th e rm a l  n e u t ro n
10 2
f l u x  o f  3 . 5  X 10 /cm / s e c ,  b u t  p r e l im in a r y  m easurem ents had  
i n d i c a t e d  th e y  were p r e s e n t  w i th  r e l a t i v e  i n t e n s i t i e s  o f  1 :4 .  I n  
v iew  o f  th e  in v o lv ed  c h e m is t ry ,  a  s tu d y  was made w ith o u t  ch e m ica l  
s e p a r a t i o n .
( i )  The r a d i a t i o n s  e m i t te d .
151The g - sp e c tru m  o f  Sm was known to  have an  end p o in t  o f  
75 Eev ( c f .  Agnew (1 9 5 0 ) ,  M arinsky  (1 9 4 9 ) ) .  The g s p e c t r a  o f  
Eu^^^ had end p o i n t s  o f  ^150 and ^^250 Kev ( c f .  to o  M a rin sk y ) .
The p r o p o r t i o n a l  c o u n te r  work on the  so u rce  ( c f .  W ilson and Lew is 
(1951)) con firm ed  th e  p re se n c e  o f  th e s e  end p o i n t s  and th e  p re se n c e
o f  a  weak sp ec trum  showing end p o i n t s  a t  400 and 700 Kev a s s o c i a t e d
154 ] )
w ith  Eu ( c f .  Hayden, R eynolds and Inghram  (1 9 4 9 )) .
The Y - r a y s  were o f  p a r t i c u l a r  i n t e r e s t .  P r o p o r t i o n a l  c o u n te r
s t u d i e s  i n d i c a t e d  t h a t  Y - r a y s  o f  1 9 .3  Eev. and 1 5 .2  Eev. were
( )
e m i t te d  by th e  sou rce  (W ilson and Lew is (1 9 5 1 )) .  S c h a r f f  G o ld h ab e r ,
d e r  M a te o s ia n ,  McKeown, and Sunyar (1950) had d e te c te d  21 Kev
151Y r a d i a t i o n s  from  Sm as  a  f i s s i o n  p ro d u c t ,  and th e  1 9 .3  Kev 
Y - r a y  i s  p resum ab ly  t o  be i d e n t i f i e d  w ith  t h i s .  F u r t h e r  M arinsky
and o th e r s  u s in g  a m ag n e tic  s p e c tro m e te r  found two Y - r a d i a t i o n s
155w ith  Su o f  e n e r g i e s  85 and 99 Kev, and i t  i s  re a so n a b le  to  r e l a t e
th e  1 5 .2  Kev r a d i a t i o n  t o  th e  d i f f e r e n c e ,  i . e . ,  to  assume th e  85 
a n d /
80 150
kev kevGr A b so rb e r^  SourceYsa" Copper
G -M  Counter
4  -
300200
mg/cm^ Aluminium
F ig.lO * Ratio of number of /3-y coincidences to number of /3-coimts as a function of
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F i g . 11 , P o s s ib l e  decay  schemes o f  and
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and 1 5 .2  Kev r a d i a t i o n s  are in  c a sc a d e .
The p re s e n c e  o f  L & K X - r a d ia t i o n s  was a l s o  n o te d . The
145K -X -rays were a s s o c i a t e d  w ith  K c a p tu r e  i n  Sm , and i n t e r n a l  
c o n v e rs io n  o f  t h e  r r a y s  o f  Eu^^^ (X -ray s  o f  Pm. and Gd. 
r e s p e c t i v e l y ).
( i i )  Beta-gamma c o in c id e n c e s ;  and d i s c u s s i o n .
Though nowadays t h i s  experim en t would be c a r r i e d  ou t p ro b a b ly  
u s in g  two s c i n t i l l a t i o n  c o u n te r s  and K i c k s o r t e r  t e c h n iq u e s  ( c f .  I  3^ 
and C h.2 ) ,  f o r  t h i s  sou rce  i t  was co n v e n ie n t  t o  r e c o rd  c o in c id e n c e s ,  
u s in g  a b s o r p t io n  te c h n iq u e s  on th e  (3 - s i d e .  A s c i n t i l l a t i o n  
d e t e c t o r  p ic k in g  up th e  Y - r a d ia t io n  v/as s h ie ld e d  by 5 /6 4 ” o f  co p p e r  
t o  s to p  e l e c t r o n s  and s o f t  X r a y s .  A t h i n  window (1 .7  mgm/cm^) 
p -G e ig e r  ty p e  c o u n te r  was employed. The c o in c id e n c e  curve i s  
shown in  f i g .  10 , where (3 -Y  c o in c id e n c e s  p e r  p - p a r t i c l e  a re  
p l o t t e d  i n  te rm s o f  th e  alum inium  th ickness  betw een th e  sou rce  and 
th e  p - c o u n te r .
The r e s u l t s  o f  f i g ,  10 and th e  f i n d i n g s  r e f e r r e d  t o  i n  ( i )  
above r e c e iv e  an  i n t e r p r e t a t i o n  in  te rm s  o f  th e  p o s s ib l e  decay 
schemes shown in  f i g .  11 , The i n i t i a l  s te e p  r i s e  can  be a s s o c i a t e d  
w ith  th e  e l i m in a t io n  o f  th e  75Kev P r a y s  o f  s in c e  th e  19 .3  Kev
Y - r a d i a t i o n  would no t be d e te c te d  by th e  Y - c o u n te r .  The subsequ en t 
slow r i s e  t o  150 Kev may be a s s o c i a t e d  w ith  th e  e l i m in a t io n  o f  th e  
3 - r a y s  o f  h ig h e r  ene rgy  (/- 250Kev) which do n o t  g iv e  P - Y  c o in ­
c id e n c e s .  The e l i m in a t io n  o f  c o in c id e n c e s  w ith  P - r a y s  o f  150 Kev 
i s  c o n s i s t e n t  w ith  th e  schemes. The rem a in in g  p a r t  o f  th e  curve i s  
a s s o c i a t e d /
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a s s o c i a t e d  w i th  t h e  c o n ta m in a t io n  r e f e r r e d  to  above.
165M arin sk y  found no T -  Y c o in c id e n c e s  f o r  Eu and i t  i s  
p ro b a b le  amongst o t h e r  r e a s o n s  t h a t  th e  15 Kev q u a n ta  a re  h i g h ly  
c o n v e r te d .  An a t te m p t  t o  i n v e s t i g a t e  t h i s  i s s u e  by exam ining 
3 - s o f t  Y c o in c id e n c e s  showed t h a t  P r a y s  o f  ene rgy  h ig h e r  th a n  
75 Kev were in  c o in c id e n c e  w ith  K & L X - r a d i a t i o n .  By a d m i t t in g  
p - r a y s  o f  a l l  ene rgy  th e  number o f  p -  Y c o in c id e n c e s  p e r  p
rem ained  a lm o s t  c o n s ta n t  ( c f .  W ilson  and Lew is 1952) s u g g e s t in g
151t h a t  th e  Sm p a r t i c l e s  a r e  i n  c o in c id e n c e  w i th  s o f t  Y q u a n ta  o r
w ith  X r a y s  a r i s i n g  from  t h e i r  i n t e r n a l  c o n v e rs io n .
F u r t h e r  work, u s in g  s e p a r a te d  i s o to p e s  and  o r  ch em ica l
s e p a r a t i o n  was n e c e s s a ry  a t  t h i s  s t a g e .
I n  th e  meanwhile work on th e s e  r a r e  e a r t h  i s o to p e s  c o n t in u e s  
( ) 
t o  be r e p o r t e d  ( c f .  H o l la n d e r ,  P erlm an  and Seaborg (1953)). R efer-
ence sho u ld  be made i n  p a r t i c u l a r  t o  th e  i n v e s t i g a t i o n s  in v o lv in g
e n r ic h e d  Sm i s o to p e s  by Lee and K atz (1 9 5 4 ) , a l s o  to  th e  work o f
R u tle d g e ,  Cork and B urson  (1 9 5 2 ) ,  a p p a r e n t ly  a l s o  w i th  e n r ic h e d
155i s o to p e s .  A d d i t io n a l  weak Y - r a y s  have been r e p o r t e d  f o r  Eu 
n e a r  60 and 130 Kev.
§ 5. THE lATURAL RADIOACTIVITY OF Rb®’*’, AHD SOME 
Y -RAY SCIHTILLATIOlî PROPERTIES OF THALLIOM ACTIVATED
RUBIDIUM IODIDE
( c f .  to o  A ppend ix ) .
87R easons f o r  i n v e s t i g a t i n g  t h e  Rb decay by a s c i n t i l l a t i o n  
method have been b r i e f l y  r e f e r r e d  to  i n  th e  i n t r o d u c t i o n .  The 
mode/
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mode o f  decay had been  i n v e s t i g a t e d  in  v a r io u s  ways and t h e r e  h a s
been  u n c e r t a i n t y  r e g a r d in g  th e  p ro c e s s  o f  decay . The fo rb id d e n
n a tu r e  o f  th e  d i s i n t e g r a t i o n  i s  o f  much im portance  in  P decay
t h e o r y ,  and th e  l i f e t i m e  h as  g e o l o g i c a l  i n t e r e s t .  L a s t ly  ru b id iu m
h as  ch em ica l a s s o c i a t i o n s  w i th  th e  most e f f i c i e n t  T - r a y  p h o sp h o r .
In  an  i n v e s t i g a t i o n  i n  1941, 0 l l a n o  r e p o r t e d  s e v e r a l  c o n v e rs io n
p e a k s ,  H ax e l ,  H outerm ans and Kemmerich (1948) r e p o r t e d  f in d in g
p -e  c o in c id e n c e s .  P r o p o r t i o n a l  c o u n te r  work by C urran , Dixon
and W ilson  (1951) found no ev idence  o f  c o n v e rs io n  e l e c t r o n s .  More
r e c e n t l y  McGregor and ïïiedenbecj^^found no e l e c t r o n  e l e c t r o n  c o in -
c id e n c e s .  I n  e a r l i e r  m easurem ents L ibby and Lee (1939) found a
3 - r a y  end p o in t  en e rg y  o f  130 Kev. More r e c e n t l y  B e l l ,  C ass id y
and D avis  (1950) s t a t e d  i t  to  be 270 Kev. C u rra n , Dixon and W ilson
(1951) o b ta in e d  a fo rb id d e n  p l o t  o f  end p o in t  en e rgy  275 Kev.
Many l i f e t i m e  m easurem ents  have been  made, r e c e n t  v a lu e s  b e in g  n e a r  
105 X 10 y e a r s .  Charpak and S uzor (1951) have however a l l e g e d  t h a t
th e  p r o p o r t i o n a l  c o u n te r  f i g u r e  o b ta in e d  by C u rra n , Dixon and
W ilson  sh ou ld  be 7 .6  x 10^^ y e a r s  and n o t  6 .2  x  10^ ^ y e a rs  i f  f u r t h e r
back s c a t t e r i n g  c o r r e c t i o n s  be a p p l i e d .
I t  seemed w orth  w h ile  i n v e s t i g a t i n g  th e  s c i n t i l l a t i o n
p r o p e r t i e s  o f  t h a l l i u m  a c t i v a t e d  ru b id iu m  i o d i d e , and p ro v id in g
87
th ey  were s u i t a b l e ,  to  i n v e s t i g a t e  th e  mode o f  decay o f  Rb u s in g  
4iT geom etry  and th e  i n t e g r a t i n g  method ( o f .  § 3 ) .  M oreover th e  
method would p ro v id e  a  means o f  s tu d y in g  th e  p a r t i c l e  e m iss io n  
f r e e  from s e l f  a b s o r p t io n  and back s c a t t e r i n g  e r r o r s  a t  th e  low
e n e rg y /  / '
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e n e rg y  en d , and co u ld  r e c o rd  I t  a t  th e  high, en e rgy  end. Such 
a  c r y s t a l  c o u ld  he a d e q u a te ly  s c re en ed  so t h a t  background e f f e c t s  
would p r e s e n t  no d i f f i c u l t y .
I n  t h i s  s e c t i o n  o f  Oh. 1 an  accoun t w i l l  be g iv e n  o f  th e  
s c i n t i l l a t i o n  re sp o n se  o f  t h a l l i u m  a c t i v a t e d  ru b id iu m  io d id e  
c r y s t a l  t o  X, Y , and l i n e  e l e c t r o n  r a d i a t i o n s ,  and ev id en ce  w i l l  
be p r e s e n t e d  f o r  th e  absence  o f  Y and c o n v e rs io n  l i n e s  i n  th e  Rb 
decay p r o c e s s .
The p r o p e r t i e s  o f  th e  p - sp e c tru m , the  l i f e t i m e  d e te r m in a t io n
and t h e o r e t i c a l  c o n s i d e r a t i o n s  r e l a t i n g  t o  i t  a re  r e f e r r e d  to
( )
b r i e f l y  i n  th e  append ix  ( c f .  to o  Lewis (1 952 )a ) .
( i )  C r y s t a l  p r e p a r a t i o n  and r e s p o n s e .
The c r y s t a l s  were p re p a re d  in  a  manner s i m i l a r  t o  t h a t  u s e d  
p r e v io u s l y  f o r  making a c t i v a t e d  sodium io d id e  c r y s t a l s .  A few grams 
o f  ru b id iu m  io d id e ,  a c t i v a t e d  w ith  v a r io u s  p e r c e n ta g e s  o f  t h a l l i u m  
io d id e ,  were p la c e d  in  a q u a r tz  c o n t a i n e r ,  which was h e a te d .  The 
a i r  was e x t r a c t e d  n e a r  th e  m e l t in g  p o i n t ,  and th e  c o n t a i n e r  s e a le d .  
I t  was th e n  a l lo w ed  t o  drop s low ly  down th e  te m p e ra tu re  g r a d i e n t  
o f  th e  fu rn a c e  m en tioned  e a r l i e r .  In  t h i s  manner s e v e r a l  c r y s t a l s  
o f  s i z e  a p p ro x im a te ly  3 -4  mms, cube were made. The a u th o r  acknow­
le d g e s  th e  h e lp  o f  th e  c h i e f  t e c h n i c i a n ,  Mr. J .  T. L loyd  w i th  t h i s  
fu rn a c e  work.
The c r y s t a l s  o b ta in e d  were c l e a r ,  and d id  n o t  r e a d i l y  ab so rb  
m o is tu r e ,  n e v e r t h e l e s s  i n  most o f  th e  e x p e r im e n ts  th e  c r y s t a l  u n d e r  
t e s t  was c o a te d  w ith  a  sm all  amount o f  p a r a f f i n .  One such  c r y s t a l  
w as/
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was mounted on an  S .M .I .  tu b e  type  VX5032, and a t h i n  alum inium  
c o n t a i n e r  a  l i t t l e  l a r g e r  th a n  need  b e ,  from a c o n ta in in g  a s p e c t ,  
e n c lo s e d  th e  c r y s t a l .  Lead b lo c k s  su rro unded  th e  sy s tem  t o  a 
d e p th  o f  two in c h e s .  The tu b e  was ru n  a t  m o d e ra te ly  low v o l t a g e s  
t o  keep th e  n o is e  l e v e l  low, and th e  a m p l i f ie d  p u l s e s  o b se rv e d .
The p u l s e s  observed  u n d e r  Y - e x o i ta t io n  were l e s s  th a n  th o s e  o f  
t h a l l i u m  a c t i v a t e d  sodium io d id e  by a  f a c t o r  o f  6 . W h ils t  th e  
r i s e  tim e was b e t t e r  t h a n  abou t 1 rpL,' s e e . , i t  was n o t i c e d  a t  an 
e a r l y  s ta g e  t h a t  a background o f  v e r y  sm a ll  s p u r io u s ,  spasm odic 
p u l s e s  was a l s o  p r e s e n t .  Bombarding th e  c r y s t a l  d i r e c t l y  w ith  
o L -p a r t ic le s  on a  t r i g g e r e d  ca th o d e  ra y  tu b e  e s t a b l i s h e d  c o n c lu s iv e ly  
th e  p re se n c e  o f  a pho sp h o rescen ce  l a s t i n g  i n  a l l  th e  o r d e r  o f  a  
m i l l i s e c o n d .  V arying  th e  amount o f  a c t i v a t o r  from  much below 
t o  2^ 5 d id  n o t  g e t  r i d  o f  th e  p h o sp h o rescen ce  e f f e c t .  C r y s t a l s  o f  
a c t i v a t e d  rub id ium  io d id e  p re p a re d  from  th e  c a rb o n a te  u s in g  f r e s h l y  
p re p a re d  h y d r io d ic  a c id  d id  n o t  remove i t  e i t h e r .  (The re sp o n se  o f  
th e s e  l a t t e r  c r y s t a l s  was somewhat lo w e r ,  due p ro b a b ly  to  t r a c e s  
o f  f r e e  io d in e  in  th e  h y d r io d ic  a c i d ) .
I t  was th e re fo re ,  a r ra n g e d  to  s u p p re s s  th e  s p u r io u s  p u l s e s  by 
e l e c t r o n i c  p a r a l y s i s  m ethods, n o rm a l ly  th e  a m p l i f ie d  p u l s e s  from 
th e  m u l t i p l i e r  were re c o rd e d  on a s i n g l e  ch a n n e l  ca thod e  ra y  tub e  
K ic k s o r t e r  s i m i l a r  t o  t h a t  r e f e r r e d  t o  p r e v io u s ly  (§ 3 ) th ro u g h  a 
g a t i n g  u n i t  n o rm a lly  t r i g g e r e d  by th e  p u ls e  i t s e l f ,  d i r e c t l y .  T h is  
g a t i n g  u n i t  le n g th e n e d  and b r ig h te n e d  th e  t r a c e  so t h a t  a  b r i g h t  
sp o t  app eared  on th e  ca thode  ra y  tu b e  f a c e .  To s u p p re s s  th e  s p u r io u s  
lo w /
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low en e rg y  p u ls e s  fo l lo w in g  th e  main p u l s e ,  a  p a r a l y s i s  c i r c u i t  
d r iv e n  by a  d i s c r im in a t o r  was c o n s t r u c te d  and i n s e r t e d  b e fo re  
th e  g a t i n g  u n i t .  An a l t e r n a t i v e  c i r c u i t  u se d ,  i n c o r p o r a te d  
p a r a l y s i s  i n  th e  g a t in g  u n i t  i t s e l f ,  by a l t e r i n g  th e  l e n g t h  o f  
th e  p u ls e  i t  d e l iv e r e d .  At th e  lo w e s t  e n e r g ie s  p a r a l y s i s  tim es o f  
1 - 3  m i l l i s e c o n d s  were employed. Tube n o is e  became th e n  th e  
u l t im a t e  r e s t r i c t i o n .
F i g s .  12 and 13 show two o f  s e v e r a l  p h o t o e l e c t r i c  p e a k s ,  
o b ta in e d  in  the  co u rse  o f  th e  work and shows th e  re sp o n se  t o  
RaD {*467Zev) and Eg^^^ (280 Kev) Y - r a y s ,  u s in g  a  c r y s t a l  a p p r o x i ­
m a te ly  4 mms. X 4 mms. x 2^ mms.
The h a l f  w id th  a t  h a l f  h e ig h t  i n  th e  280 Kev Y - r a y  case  i s  
n e a r  15^. T h is  w id th  was ro u g h ly  c o n s i s t e n t  w ith  t h a t  o b ta in e d  
w ith  a c t i v a t e d  sodium io d id e  u n d e r  s i m i l a r  c o n d i t i o n s ,  a l lo w in g  
f o r  th e  g r e a t e r  peak re sp o n se  o f  th e  l a t t e r  s u b s ta n c e .  (The w id th  
i s  e s s e n t i a l l y  d e te rm in e d , w i th in  a f a c t o r  o f  o r d e r  u n i t y ,  by th e  
s t a t i s t i c a l  f l u c t u a t i o n s  in  th e  number o f  u s e f u l  p h o to e l e c t r o n s
e m it te d  by th e  p h o to ca th o d e  p e r  Y - r a y  (o f .  G a r l i c k  and W right 
)
(1 9 5 2 )) .
C a l i b r a t i o n  was c a r r i e d  ou t on th e  c r y s t a l  w i th  v a r io u s
r a d i a t i o n s ,  th e  Koc x ra y s  o f  molybdenum f i l t e r e d  by z irc o n iu m
114
(1 7 .5  K ev), th e  f l u o r e s c e n t  Kx ra y s  o f  s i l v e r  ( ^  22Kev ) ,  I n
203(Kx ^ 2 4  Kev, & c o n v e rs io n  electronsj^RaD (4 6 .7  Kev y r a y ) , Eg
13 7(Kx 72Kev, Y -ray  280 K ev), Cs (c o n v e rs io n  e l e c t r o n s ) .  In  th e  
c a l i b r a t i o n  work on co n v e rs io n  e l e c t r o n s ,  a  0 .0 0 0 5 ” alum inium  
r e f l e c t o r  was u s e d ,  (hav ing  somewhat p o o re r  r e f l e c t i n g  pow er), 
t h e /
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th e  ene rg y  l o s s  be ing  a llo w ed  f o r  in  th e  c a l i b r a t i o n  c u r v e s .
F i g s .  1 4 a ,  14b, and 14c show the  l i n e a r  n a tu r e  o f  th e  
re sp o n se , ,  The re sp o n se  o f  th e  c r y s t a l  t o  T - r a y s  u t i l i s i n g  th e
p h o t o e l e c t r i c  e f f e c t ,  o f  co u rse  g e n e r a l l y  im p l ie s  c a p tu r e  i n  th e'
c r y s t a l  o f  th e  v a r io u s  K ,L . . ,  . ^ x - r a y s  e m i t te d  i n  th e  c r y s t a l .  I t  
t h e r e f o r e  in v o lv e s  th e  e n e r g i s in g  o f  a number o f  e l e c t r o n s  in  
r a p id  s u c c e s s io n .  The f a c t  t h a t  th e  c a l i b r a t i o n  p o i n t s  f a l l  on 
a s t r a i g h t  l i n e  th ro u g h  th e  o r i g i n  im p l ie s  a  l i n e a r i t y  o f  re sp o n se  
below th e  f i g u r e  o f  17 Kev, th e  low est f i g u r e  a t  which r e l i a b l e  
c a l i b r a t i o n  co u ld  be o b ta in e d .
87( i i )  Rb p u ls e  h e ig h t  d i s t r i b u t i o n .
The s p e c t r a l  p u l s e  h e ig h t  d i s t r i b u t i o n  u s in g  th e  above 
c r y s t a l  i s  shown i n  f i g ,  15a, The background c o u n ts  were checked 
u s in g  a  sm a l l  c r y s t a l  o f  sodium io d id e  f th a l l iu m  a c t i v a t e d ) , and 
exam ining  i t  a t  e q u iv a le n t  w orking p o i n t s  a l lo w in g  f o r  th e  b e t t e r  
e f f i c i e n c y  o f  th e  l a t t e r  c r y s t a l .  The background  was a n e g l i g i b l e  
f a c t o r .  K o ise  c o u n ts  i n  the  m u l t i p l i e r  had t o  be a l lo w e d  f o r  o n ly  
a t  th e  lo w e s t  e n e r g i e s ,  and th e  c o r r e c t i o n  from  t h i s  cause was 
s m a l l .  The curve in v o lv e d  th r e e  s e t s  o f  p o i n t s ,  two s e t s  b e in g  
t a k e n  a t  low er en e rg y  w i th  a g r e a t e r  a m p l i f i e r  g a i n .  The p o i n t s  
i n d i c a t e d  by t r i a n g l e s  n e c e s s i t a t e d  p a r a l y s i s ,  b u t  p o i n t s  a t  
h ig h e r  e n e r g ie s  u s in g  p a r a l y s i s  f e l l  on th e  curve drawn -  t h e s e  
p o i n t s  have been o m it te d  f o r  c l a r i t y .  The curve I s  smooth in  form  
and a d d i t i o n a l  i n t e r m e d ia te  p o i n t s  su p p o r t  t h i s  v iew . One p o in t  
h as  been  in c lu d e d  i n  th e  f i g u r e  ( a t  13 Kev) assum ing th e  l i n e a r  
r e  s p o n s e /
î1 1OQ II
X
I II
1
+ o
i
I
I
J
P ig . 15a.
600-
5 0 0 -
4 0 0 -
.  3 0 0 -
200 -
1 0 0 -
Energy in Kev.
Spectrum of obtained using an activated rubidium iodide crystal. X 
Amplifier at low gain ; O, A, V amplifier at higher gain (points A, V were 
taken in runs with paralysis ; point V involves slight extrapolation of 
linear calibration).
à'
2
R 6 Ô7
/3"
F ig .  1 5 t .  Decay scheme o f  Rh®'^.
— 49 —
re sp o n se  to  be v a l i d  below  -  17 Kev ( c f .  ( i )  ab o v e ) .  S im i l a r  
r e s u l t s  t o  th e s e  were o b ta in e d  u s in g  a n o th e r  c r y s t a l  o f  a c t i v a t e d  
ru b id iu m  io d id e .
The smooth form  o f  th e  cu rve  i n d i c a t e s  th e  absence  o f  con­
v e r s i o n  peaks  and T - r a y s  i n  th e  range i n v e s t i g a t e d .  As h a s  been  
m en tio n ed , th e  i n t e g r a t i n g  method (§ 3) u s in g  4lf geom etry  would
d i s p l a c e  th e  com plete 0 -c u rv e  i f  s im u lta n e o u s  c o n v e rs io n  peak s
1
and a s s o c i a t e d  K, L, . . . .  r a d i a t i o n  were p r e s e n t ,  o r  s im u lta n e o u s
low en e rg y  T - r a y s  e x i s t e d .  H ig h e r  en e rg y  T - r a y s  would have
a p p e a re d  in  th e  main s t r u c t u r e  o f  th e  c u rv e ,  due t o  th e  im p e r fe c t
a b s o r p t io n .  D elayed r a d i a t i o n  would do l i k e w is e .  I t  sh o u ld  be
s t a t e d  t h a t  C u rra n , Dixon and W ilson  (1951) co u ld  f i n d  no e v id en c e
o f  K & L X ra y s  i n  t h e i r  i n v e s t i g a t i o n .  The r e s u l t s  i n d i c a t e  
87Rb i s  a  pu re  3 - e m i t t e r .
The shape o f  th e  3 - s p e c t ru m , th e  s i m i l a r i t y  w i th  t h a t
o b ta in e d  by th e  p r o p o r t i o n a l  c o u n te r  m ethod, and th e  t h e o r e t i c a l
s i g n i f i c a n c e  o f  th e  r e s u l t s ,  a r e  r e f e r r e d  t o  i n  th e  a p p e n d ix .  ^
(R ecen t f i n d in g s  by a n o th e r  method (McGregor and W iedenbeck (1954)
±01) 10
are also q u o te d ) .  The l i f e t i m e  i s  t h e r e  e s t im a te d  a t  (5 .90^x  10
y e a r s .  The decay i s  g iv e n  by f i g .  15b.
The s p in  o f  Rb^^ i s  t h a t  o f  gg S r i s  9 /2 .  On th e
87in d ep en d e n t p a r t i c l e  model th e  f i r s t  e x c i t e d  s t a t e  o f  S r  m ight be
e x p e c te d  t o  be g iv e n  by th e  s h i f t  o f  th e  odd n e u t ro n ,  l e a d in g  to  a
l^ w e r  s p in  s t a t e  in  th e  same s h e l l ,  e . g . ,  o r  maybe p S / 2 ,  f 5/2
( o f .  M ayer, Moszkowski and Rordheim  1951) le a d in g  th e n  t o  a  f a s t e r
3 t r a n s i t i o n .  The en e rg y  change i s  t h e r e f o r e  to o  g r e a t  f o r  th e s e
87s t a t e s  t o  be form ed by th e  decay o f  Rb . The e x p e r im e n ts  o f  Mann 
a n d /
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and A xel (1951) show th e  e x i s t e n c e  o f  and p 3 /g  e x c i t e d
87s t a t e s  o f  S r a t  390 Kev. and 875 Kev. above th e  ground 
s t a t e .
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CHAPTER 2 . FAST DBLAYBJ COIHCrDBHCES AND THE AtmiHrLATION 
RADIATION OF POSITRON ELECTRON SYSTEMS.
§ 1 THE DESIGN AND CHARACTERISTICS OF A HIGH SPEED 
COINCIDENCE UNIT USING SCINTILLATION COUNTERS.
( i  ) Gene r a l  A rran g em en t.
As t h i s  c h a p te r  d e a l s  w i th  t im e and t im e  r e l a t e d  m easu rem en ts , 
f i r s t  c o n s i d e r a t i o n  w i l l  he g iv e n  t o  th e  e l e c t r o n i c  d e s ig n  o f  th e  
h ig h  speed  m ix ing  u n i t .
The m u l t i p l i e r  p u l s e s ,  r i s i n g  r a p i d l y ,  a r e  a l lo w ed  t o  p roduce  
ro u g h ly  f i x e d  s i z e  p u l s e s  by th e  c u t t i n g  o f f  o f  a  l i m i t e r  v a lv e .
By h av in g  a  s u i t a b l y  a r ra n g e d  s h o r te d  l i n e  th e s e  main c h a n n e l  
p u l s e s  can  be made o f  an  a p p ro x im a te ly  f i x e d  sm a ll  d u r a t i o n  a l s o .  
Two such  p u l s e s  from  d i f f e r e n t  m u l t i p l i e r s  a r r i v i n g  w i th in  ro u g h ly  
tw ice  t h i s  tim e d u r a t io n  o f  one a n o th e r  r e g i s t e r  i n  a  m ix in g  
sys tem , and  d e l i v e r  a t  l e a s t  tw ice  th e  re sp o n se  which ea ch  co u ld  
p ro v id e  s e p a r a t e l y .  The p u l s e s  a r e  le n g th e n e d  and u l t i m a t e l y  
s o r t e d  o u t  by a  d i s c r i m i n a t o r .
The p r e c i s e  sh apes  o f  th e  c l i p p e d  p u l s e s  a r e  dependen t on th e  
am p litu d e  o f  th e  m u l t i p l i e r  p u l s e s .  I f  th e s e  l a t t e r  a re  n o t  
a d e q u a te ly  l a r g e  th e  l i m i t i n g  v a lv e  w i l l  be o n ly  s low ly  ou t o f f ,  
and p u l s e s  r a t h e r  w id e r  th a n  d e s i r a b l e  w i l l  e n t e r  th e  m ix ing  system. 
These a re  removed by d i s c r im in a t in g  a f t e r  m ix ing  (o f .  i n t r o d u c t i o n  
§3 -  B e l l  and F e tc h  1 949 ). In  t h i s ^ . a d d i t i o n a l  o u tp u ts  a re  ta k e n
from  each  m u l t i p l i e r ,  e i t h e r  from  th e  m u l t i p l i e r  c o l l e c t o r  th ro u g h
an a t t e n u a t o r ,  o r  b e t t e r  from a dynode. The a m p l i f ie d  re sp o n se  
p r o v id e d /
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Fig* 16. F a s t  c o in c id e n c e  u n i t  as  u sed  a t  lo w er  
r e s o l v i n g  t im e s .  Gg - p h o t o m u l t i p l i e r  c o l l e c t o r s ,
Vi Vg - l i m i t e r s  ,V^ - s i d e  ch an n e l head  v a lv e s ,  
d i  dg -p h o to  m u l t i p l i e r  dyn odes . Ag- a m p l i f i e r s  
T- T r i p l e  c o in c id e n c e  u n i t . F o r  f a s t e r  r e s o l v i n g  t im e s  
th e  mid c h a n n e l  a m p l i f i e r  i s  r e p la c e d  "by a f e d  h ack  
a m p l i f i e r  o f  h ig h e r  g a in .
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p ro v id e d  a s i g n a l  ro u g h ly  p r o p o r t i o n a l  t o  th e  amount o f  l i g h t  
e m i t te d  by th e  p h o sp h o r .  Each such  s id e  c h a n n e l  s i g n a l  o p e r a te d  
a d i s c r i m i n a t o r .  The two s id e  c h a n n e ls  and th e  m ain  c h a n n e l  
d i s c r i m i n a t o r s  t o g e t h e r  o p e r a te d  a t r i p l e  low sp eed  c o in c id e n c e  
u n i t .  The o u tp u t  p u l s e s  o f  th e  l a t t e r  c o u ld  by a p p r o p r i a t e  c h o ice  
o f  d i s c r i m i n a t o r  s e t t i n g s  be a s s o c i a t e d  t h e r e f o r e  (a )  w i th  c o i n ­
c id e n t  p u l s e s ,  (b) w i th  i n i t i a l  p u l s e s  o f  adeçtuate h e i g h t s  i n  th e  
two m u l t i p l i e r s .
The u n i t  d e t a i l e d  below  u se d  g e n e r a l l y  two s t a g e s  o f  c e n t r e  
c h a n n e l  a m p l i f i c a t i o n .  I t  c o u ld  o p e r a te  w i th  a  d io d e  a s  m ix e r  
be tw een  th e  two v a l v e s ,  o r  a t  h i g h e r  sp e e d s  u s in g  a c r y s t a l  d io d e
a s  m ix e r  i n  f r o n t .  The c o n v e n ie n t  r e s o l v i n g  tim e range was th e n
-7  9a b o u t 10 s e c .  t o  5 X 10" s e c . T h is  u n i t  was u s e d  i n  th e  work on
g a s e s  o f  § 3 ( i  -  v i) . F o r  th e  h ig h  speed  work on g a s e s  ( i  3 vii)
a d d i t i o n a l  c e n t r e  c h a n n e l  a m p l i f i c a t i o n  (w i th  fe e d  back) was i n -
-9
s e r t e d  to  o b t a i n  th e  s h o r t e r  r e s o l v i n g  t im e  (3 x 10 s e c . )  
n e c e s s a r y  t h e r e .
A nother complete u n i t  employing fo u r  s ta g e s  o f  c e n tre  channel 
g a in  complementary in  range to  the  two stage  u n i t  above, o p e ra t in g
c o n v e n ie n t ly  in  th e  lO ^ ^ se c .  t o  10~^seo . r e g io n  i s  r e f e r r e d  t o  i n
( , )
§ 4 ( c f .  p r e f a c e )  (F e rg u so n  and L ew is  (1953))
( i i )  M ain Channel System .
F i g .  16 i n d i c a t e s  th e  c i r c u i t  a r ra n g e m e n ts  o f  th e  com plete  
sy s tem . F ig .  17 i l l u s t r a t e s  th e  p u l s e s  form ed a t  s u c c e s s iv e  p o i n t s  
o f  t h e  main c h a n n e l  system .
T h e /
ML n
r
CdÜ
F ig o l7 .  Pu ise  fo rm s .(a) M u l t ip l ie r  o u t p u t , (h )L im ite r  
o u tp u t , (c) C lipped p u is e ;  (d) (e) ( f )  leng thened  
ou tpu ts  due t o , a s in g le  p u is e ,  two 
non c o in c id e n t  p u is e s  , two p u ise s  c o in c id e n t  
w ith in  the  re so lv in g  t i m e , r e s p e c t i v e l y ^ i l l u s t r a t i n g  
how non c o in c id e n t  p u lse s  can he e l im in a te d  i n  the  
main channel system.
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The main o u tp u t  p u l s e  ( f i g .  17a) from  th e  m u l t i p l i e r  
c o l l e c t o r  c u t s  o f f  th e  l i m i t i n g  v a lu e  ( ty p e  C vl38 , i n  e a r l i e r  
work an  R .L .7 ) ,  m ounted n e a r  th e  m u l t i p l i e r  on th e  same m eta lw o rk . 
The g r i d  l e a k  i s  s u i t a b l y  low , i n  th e  c a s e  o f  o rg a n ic  s c i n t i l l a t o r s  
decay  t im e s  o f  1 /5  s e c .  were u s e d ,  t o  p re v e n t  o v e r lo a d in g  a t  
h ig h  r a t e s ,  (The low l e a k  r e s i s t a n c e  a l s o  re d u c e d  th e  p o s s i b i l i t y  
o f  le a k a g e  v o l t a g e  from  th e  c o l l e c t o r  w hich would a l t e r  th e  c v l3 8  
s t a n d in g  c u r r e n t ) .  To keep  th e  g r i d  b a se  s h o r t  ^ca thode  decoupling 
i s  em ployed, i t  h a s  t o  be w e l l  d e c o u p le d  t o  p r e v e n t  any a p p r e c i a b l e  
s h o r t  time change i n  c a th o d e  b i a s ,  a s  l a r g e  and freq_uent s i g n a l  
p u l s e s  may o c c u r .  Care h a s  t o  be t a k e n  t o  i s o l a t e  t h e  H .T . l i n e s  
t o  p re v e n t  f e e d in g  from  one l i m i t e r  i n t o  th e  o t h e r .  The anode o f
th e  l i m i t i n g  v a lv e  c a r r i e s  a  95 ohm lo a d  i n  p a r a l l e l  w i th  a  95 ohm
c a b le  ( u n i r a d io  31) w hich conveys th e  s i g n a l  t o  th e  m ix ing  u n i t  
and th e n c e  on to  th e  t e m i n a t i n g  95 ohm r e s i s t o r  c a r r i e d  i n  th e  
anode sy s tem  o f  th e  o t h e r  l i m i t i n g  v a l v e .  In  a d d i t i o n  a  d i s c o n t i n u ­
i t y  i s  p ro d u ced  i n  t h e  c a b le  sy s tem  by th e  s h o r t e d  s tu b  l i n e  a t
th e  m ix in g  u n i t ,  composed o f  46 ohm c a b le  ( u n i r a d io  4 ) .  The
r e f l e c t i o n  from  t h i s  p ro d u c e s  c l i p p i n g  o f  th e  p u l s e  a t  th e  m ix ing  
u n i t  e n t r y  p o in t  and th e  r e f l e c t e d  waves p a s s  i n t o  th e  two t e r ­
m in a te d  95 ohm l i n e s  where th e y  a r e  f i n a l l y  a b s o rb e d .  F i g .  17b 
i l l u s t r a t e s  th e  p u l s e  a t  th e  e n t r a n c e  t o  th e  m ix ing  u n i t  i n  th e  
ab se n ce  o f  th e  s h o r t e d  l i n e .  F ig ,  17c i l l u s t r a t e s  th é  p u l s e  a t  
th e  same p o in t  w i th  th e  s h o r t e d  l i n e  p r e s e n t .  The minimum l e n g th  
o f  95 ohm c a b le  be tw een  each  m u l t i p l i e r  and th e  m ix e r  ex ceed ed  th e  
s h o r t e d  l i n e  p a t h  l e n g t h  t o  p r e v e n t  any s p u r io u s  e f f e c t s  from
in c o m p le te /
— IK A .^  lOO A
1 -0  V O L T *
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Figo 18 . S t a t i c  c h a r a c t e r i s t i c s  of valve and 
c r y s t a l  d iodes in d ic a t in g  the s u p e r io r i ty  of the  
l a t t e r  f o r  sh o r t  time work.
— Double p u lse s
—Single p u lse s
u’ig  19. Photograph of Output p u lse s  (Cf. F ig s  17 ahcj when twô 
s c i n t i l l a t i o n  counters  are  a c t iv a te d  hy a source. The time base i s  
t r ig g e re d  here by the la rg e  double p u lses  a s so c ia te d  w ith  prompt 
co incidences .The small s in g le  p u lse s  and o th e r  double p u ls e s  are 
d isp layed . The sho rted  s tub  l in e  was here 10"^ s e c .____
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in co m p le te  t e r m i n a t i o n s .  In  th e  main c a b le  sy s tem  G-.E.O. p lu g s
and s o c k e ts  were employed th ro u g h o u t .
M ixing can  be done by a  v a lv e  d io de  fo l lo w in g  in d u c ta n c e
com pensated a m p l i f i c a t i o n ,  o r  i t  can  be h a n d le d  im m ed ia te ly  on
a r r i v a l  by a c r y s t a l  d io d e .  The l a t t e r  i s  p r e f e r a b l e  a t  f a s t
sp eed s  and e s s e n t i a l  a t  th e  h i g h e s t  s p e e d s ,  and t h i s  method i s
shovm in  F ig .  16 (h e re  th e  v a lv e  d io d e  h a s  m ere ly  a seco n d a ry
r o l e  i n  le n g th e n in g  s t i l l ,  f u r t h e r  th e  p u l s e s  d e l i v e r e d  by th e
p re c e d in g  c r y s t a l  d i o d e ) .  F ig .  17d r e p r e s e n t s  th e  v o l t a g e  p u ls e
which would be e x p e c te d  t o  a p p e a r  a t  th e  f a r  s id e  o f  th e  m ix ing
d io d e  due to  th e  s i n g l e  p u l s e .  The g r i d  e a r t h  c a p a c i ty  o f  th e
fo l lo w in g  pen to d e  c h a rg e s  up th ro u g h  th e  fo rw ard  r e s i s t a n c e  o f
th e  m ix in g  d iode  and subseq_uently  s lo w ly  d ro p s  away. (A  sm a ll  mHtrtnV
s e r i e s  c a p a c i ty  i n  th e  m ix ing  d iode  o f  1 -  2 p f s  s l i g h t l y  m o d i f ie s
th e  e f f e c t s . )  F i g .  17e shows th e  e x p e c te d  re sp o n s e  o f  two p u l s e s
i n  a u io k  s u c c e s s io n  and 17f t h a t . o f  two p u l s e s  a r r i v i n g  w i th in
th e  p e r io d  d e te rm in e d  by th e  s h o r t e d  l i n e .  The e f f e c t i v e n e s s  o f
th e  m ethod o f  m ix in g  depends on  k ee p in g  th e  fo rw a rd  r e s i s t a n c e  o f
th e  m ix in g  d iode  low , e . g .  , a  400 ohm impedance and an  8 p f .  g r i d
—9
e a r t h  c a p a c i ty  would imply a c h a rg in g  t im e o f  3 x  10 s e c s .  The 
im pedances o f  v a lv e  and c r y s t a l  d io d e s  can be compared from  th e  
\ c h a r a c t e r i s t i c  c u rv e s  o f  F ig .  18 o b ta in e d  f o r  s p e c i f i c  i n s t a n c e s .  
The c r y s t a l  d io d e s  a p p e a r  t o  be a d e q u a te ly  s t a b l e  i n  u s e .  B ia s s in g  
o f  th e  m ixing d e v ic e  can be employed i f  d e s i r e d .  F ig .  19 i s  a 
p h o to g ra p h  showing th e  s in g l e  and th e  double  p u l s e s  i n  a t y p i c a l  
a r ra n g e m e n t ,  a t  th e  o u tp u t  o f  th e  m ain ch a n n e l a m p l i f i e r ,  u s in g
a /
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a s h o r t  s tu h  l e n g t h .
( i l l )  S ide c h a n n e ls  and th e  com plete  u n i t .
The s id e  c h a n n e l  p u l s e s  l e a v in g  a dynode a re  k ep t  f a i r l y  
s h o r t  ( w l  s e c ) ,  t o  p e rm it  h a n d l in g  o f  l a r g e  numbers o f  
p u l s e s ,  and a c t i v a t e  c a th o d e  f o l lo w e r s .
The fo l lo w in g  a m p l i f i e r s  (Aj_, ) l i k e  th e  c e n t r a l  ch a n n e l
a m p l i f i e r  a r e  b o l t e d  c lo s e  to  th e  d i s c r i m i n a t o r s  t o  keep th e  o u t ­
p u t  t im e c o n s ta n t s  s h o r t ,  t o  p e rm it  s im u lta n e o u s  f i r i n g  o f  th e  
t h r e e  d i s c i m in a to r s  (and t r i p l e  u n i t )  f o r  s im u lta n e o u s  p u l s e s .
In  th e  a m p l i f i e r s  a r e  two stagey  w ith  d iode  l e n g th e n in g .
The d i s c r i m i n a t o r s  a r e  o f  T .R .E , d e s ig n  ( c f .  H igginbotham ,
G a l la g h e r  and Sands (1947)). The d i s c r i m i n a t o r  o u tp u t  p u l s e s  were 
broadened  t o  /v 1 to  p rodu ce  s l i g h t l y  more t o l e r a n c e  in  th e  
f i r i n g  t im e s .
The t r i p l e  u n i t  i s  o f  c o n v e n t io n a l  p a t t e r n .  The c i r c u i t  i s  
shown in  F ig .  20.
( i v )  O p e ra t io n .
F o r  any so u rce  o f  r a d i a t i o n ,  o f  ene rgy  E, th e  tu b e  v o l t s  would 
be r a i s e d ^ s o  t h a t  l i m i t i n g  p u l s e s  were o b se rv e d .  The tu b e  was t h e n  
s u i t a b l y  s e t  f o r  w orking w i th  r a d i a t i o n s  o f  h ig h e r  en e rg y .
W ith th e  tu b e  v o l t s  s e t  a p p r o p r i a t e l y  th e  d i s c r i m i n a t o r s  on 
th e  c o r re sp o n d in g  s id e  ch a n n e l co u ld  th e n  be s e t  t o  exc lud e  
r a d i a t i o n s  o f  e n e rg y  E, The o t h e r  m u l t i p l i e r  sy s tem  cou ld  be 
s i m i l a r l y  t r e a t e d .  The m idd le  ch an n e l d i s c r i m i n a t o r  was s e t  a t  
a n y /
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P ig .  21.
TKe d e la y e d  c o in c id e n c e  method
P ig  . 2 2 .Prompt and d e la y e d  c o in c id e n c e  cu rves,
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any s e t t i n g  such  t h a t  s i n g l e  p u l s e s  were c e r t a i n l y  e x c lu d e d  from  
b o th  m u l t i p l i e r s  s e p a r a t e l y .
L a s t l y  i t  i s  n e c e s s a i y  t o  s t r e s s  one p o in t  o f  im p o r ta n c e ,  a  
p o in t  o f  d i f f e r e n c e  b e tw een  th e  o p e r a t i o n  o f  f a s t  and slow  c o in ­
cidence u n i t s .  The v a r i a t i o n  o f  p u l s e  shape and t im in g  w i th  in p u t  
l i g h t  en e rg y  h a s  t o  be t a k e n  in t o  a c c o u n t .  B ig g e r  p u l s e s  a r r i v e  
f a s t e r  a t  th e  o u tp u t  o f  th e  m u l t i p l i e r .  D elayed  c o in c id e n c e  
c u rv e s  can  o n ly  be com pared a t  th e  h i g h e s t  sp ee d s  when i d e n t i c a l  
e l e c t r o n  p u ls e  e n e rg y  d i s t r i b u t i o n s  a r e  in v o lv e d  i n  th e  two s e t s  
b e in g  com pared. T h is  m a t t e r  c o m p l ic a te s  th e  m ethod , and a d d i t i o n ^  
a p p a r a tu s  h a s  t o  be in t r o d u c e d  t o  g en e ra lise  th e  a p p l i c a t i o n s  o f
th e  m ethod. T h is  can  in v o lv e  s p e c t r o m e te r s  ( o f .  B e l l ,  Graham,
(
P e tc h ,  1952) i n  th e  ca se  o f  3 - r a y s ,  o r  K i c k s o r t e r  d e v ic e s  ( c f .
F e rg u so n  and L ew is  (1 9 5 3 ) ,  and § 4) more g e n e r a l l y .
T<xV«,s ^  «kS Lw #©oo ,
M ethods o f  h a n d l in g  random c o u n ts  a r e  on a co m parison  b a s i s
o r  in v o lv e  c a b le  r e v e r s a l s .  The e l e c t r o n  p u l s e  e n e rg y  d i s t r i b u ­
t i o n s  must be k e p t  th e  same ; h e r e  th e  s id e  c h a n n e ls  a r e  im p o r ta n t
( v ) R e s o lv in g  Time.
F i g .  21 i l l u s t r a t e s  an  e x p e r im e n ta l  a rran g m en t showing
v a r i a b l e  d e la y  x  i n  t im e  u n i t s  i n s e r t e d  i n  th e  c h a n n e l  o f
c o u n te r  C . , F i g .  2Z shows a  p o s s i b l e  c o in c id e n c e  p r o b a b i l i t y  cu rve  
( )
( p r o b a b i l i t y  = p (x )  ) .  p l o t t e d  a s  y  = p (x )  , when prompt e v e n t s  
( (pmax)
from  some s o u r c e 8 a r e  supposed  p r e s e n t .  The d is p la c e m e n t  i n  F ig .
22 would be due t o  s lo w e r  re sp o n se  i n  th e  c o u n te r  Gg. L e t  and
If be th e  c o u n t in g  r a t e s  i n  th e  tv/o c o u n te r s  when t h e  p u l s e s  
a r e /
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F ig  23. R e s o lu t io n  cu rve  o b ta in e d  b e tw een  1 .2 8  mev. 
T -  r a y  o f  Na^^ and a n n i h i l a t i o n  r a d i a t i o n  o f
p o s i t r o n s  i n  a lum in ium , showing f l a t  to p  . The
—9r e s o l v i n g  t im e  i s  a b o u t  7 x 10 sec#
-  57 -
a re  random ly d i s t r i b u t e d  ( e . g . ,  u s in g  two in d ep en d e n t s o u rc e s  
o f  ty p e  S ) .  The random c o in c id e n c e  r a t e  E i s  g iv e n  by :
Nq = N1.N2 . p ( t )  d t  58 N i.N g .’to  
where T^ i s  th e  d e f in e d  r e s o l v i n g  t im e  o f  th e  u n i t ,  i . e . :
%% *= /-«=> »  Max. H e ig h t  (14)
F i g .  23 shows a  c o in c id e n c e  r e s o l u t i o n  cu rv e  betw een  th e
pp
1 .2 8  Mev n u c l e a r  T - r a y  o f  Ra i n  th e  one c o u n te r  and 0 .5 1  Mev.
22
r a d i a t i o n  p ro d u ced  by a n n i h i l a t i o n  o f  p o s i t r o n s  from  Ea i n
alum inium . E v id ence  w i l l  be g iv e n  l a t e r  t h a t  t h e s e  e v e n t s  a r e
—lO
a p p ro x im a te ly  prompt ( th e  d e la y  i s  a c t u a l l y  a ^ 1 .6  x  10 s e c s ;  
c f .  I  4 ) .  F i g .  23 i s  f l a t  to p p e d  and th e  e f f i c i e n c y  i s  c lo s e  t o  
100^. As th e  r e s o l v i n g  t im e  i s  re d u c e d  f u r t h e r  th e  r e l a t i v e l y  
f l a t  to p  i s  found  to  d i s a p p e a r ;  t h e s e  rounded  to p s  a re  found to  
be c h a r a c t e r i s t i c  o f  s h o r t  r e s o l v i n g  tim e work.
L i m i t a t i o n s  on th e  a t t a i n a b l e  r e s o l v i n g  t im e s  a r i s e  i n  th e  
p h o sp h o r a s  w e l l  a s  i n  th e  m u l t i p l i e r  and c i r c u i t r y ,  ( c f .  P o s t  and 
S c h i f f  (1 9 5 0 ) ) .  C o n s id e r in g  th e  p h o sp h o r  c o n t r i b u t i o n  o n ly ,  i f  
th e  p h o sp h o r  p roduce  a t  th e  ca th o d e  a  l a r g e  number ÏÏ o f  p h o to -
'pVoS’fVor *7“
e l e c t r o n s  and t h e ^ l i f e t i m e  be T, th e  mean tim e o f  a r r i v a l  t  o f  th e  
f i r s t  e l e c t r o n  and th e  r o o t  mean sc^uare d e v i a t i o n  4 have 
been  g iv e n  by P o s t  and Sc h i f f .  A p p ro x im a te ly
The s h o r te d  l i n e  h a s  t o  he lo n g e r  t h a n  T /E , i n  t im e u n i t s  f o r  
r e a s o n a b le  c o in c id e n c e  e f f i c i e n c y ^  .F o r  a  s h o r t e d  l i n e  nT/U, 
w i th  n  ex ceed in g  u n i t y  th e  c o in c id e n c e  e f f i c i e n c y  i s  i n  f a c t  th e n  
; (1 -  ^ / e ^ ) .  I n  e s t im a t in g  E a l lo w an ce  h as  t o  be made f o r  th e  
geom etry  u s in g  1P21 tu b e s  and f o r  th e  sm a ll  f r a c t i o n  o f  th e  
e l e c t r o n s /
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e l e c t r o n s  which t r a v e l  by th e  d i r e c t  p a th  i n  th e  ca se  o f  E .M .I .  
tu b e s  ( c f .  A l le n  and E n g e ld e r  (1 9 5 1 ) ) .  W ith  100 Kev e l e c t r o n s  i n  
te r p h e n y l  i n  to lu e n e  a r e s o l v i n g  tim e o f  ^ 1 0 " ^  s e c s ,  i s  p o s s i b l e  
( e . g . ,  ÏÏ 6 ,  n  ^ 3 )  w i th  e f f i c i e n c i e s  c lo s e  on 90fo. E m iss io n  
t im e s  f o r  1?E1 m u l t i p l i e r s  have been  d i s c u s s e d  by P o s t  (1 9 5 2 ) .
( v i )  The d e la y e d  c o in c id e n c e  m ethod.
I f  e v e ry  e v e n t  a r r i v i n g  a t  th e  c o u n te r  i s  a s s o c i a t e d  w i th
th e  chance f ( t )  o f  an  e v e n t  a r r i v i n g  a t  Cg a  tim e t  l a t e r ,  a
d i f f e r e n t  curve  i s  o b ta in e d  from  y « p(%) o f  F ig .  22. Suppose
f  ( t )  = X e ( 15a)
c o r re s p o n d in g  to  one l i f e t i m e #1 .The cu rve  ( c f .  F ig .  22)
CO ^
y = F (x )  = p ( x - t )  f ( t )  d t  (1 5 b ) .
Jp
would th e n  be o b ta in e d .  Beyond p o i n t s  x  v/here p ( x ) ^  o th e  p l o t
o f  th e  cu rve  y = F (% ), from  f i r s t  p r i n c i p l e s ,  d e c r e a s e s  a s
T h is  t a i l ,  i f  r e a d i l y  o b t a i n a b l e ,  g iv e s  th e  l i f e t i m e .  O th erw ise
th e  l i f e t i m e  may be o b ta in e d  from  th e  c e n t r o i d  s h i f t s  o f  th e  cu rves
y = p ( z )  and y  = F (x )  -  ( c f .  Bay 195 0 ). A d e d u c t io n  a s  fo l lo w s
can  be b ased  on a  lemma by Eewton (1 9 5 0 ) .
L e t t i n g  u= x - t ,  ( 1 5 a ) ,  ( I5 b )  g iv e :
~ ^ J «  ÛU , dP = x[p(x)  -  P ( x ^  ( I 5 c )
T h e re fo re  «. dx •
jp (x )  dx - j  P (x )  dx = 0 ,  l^ (x )J=0
showing th e  a r e a s  o f  th e  prom pt and d e la y e d  c u rv e s  a r e  th e  same 
f o r  th e  n o rm a l is e d  f u n c t i o n  (1 5 a ) .  C o n v e rse ly  i f  th e  prompt and 
d e la y e d  e x p e r im e n ta l  c u rv e s  a r e  p l o t t e d  t o  t h e  same a r e a ,  (15a)
r e p r e s e n t s  s i n g l e  p e r i o d  d e c a y . ^  F u r t h e r  i f  [xF(x)]^g^=:0,
fxF. dx -  fxp -. dx s: 1 y  F , dx ('15d)
Jaa X /Loo
g i v i n g /
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g iv in g  th e  l i f e t i m e  in  te rm s  o f  c e n t r o id  s h i f t .
F o r  two p e r io d s  1 , 1 p r e s e n t  in  th e  r a t i o  ^ / { l  -  o ( ) ,
X p-
one may w r i t e  /.
f ( t )  = ( / * - ( 16a)
The p e r io d s  co u ld  he o b se rv e d  d i r e c t l y  f a r  from  th e  prompt c u rv e .
I f  th e  d e lay e d  and  prom pt c u rv e s  a re  close^ a n a l y s i s  h as  t o  be
employed. F o r  f  ( t )  g iv e n  by (16a) th e  a r e a s  o f  th e  prompt 
( ) ( )
(y = p ( x ) )  and d e la y e d  (y  = F (x )  ) c u rv e s  a re  a g a in  th e  same, o r  
c o n v e rs e ly .  W r it in g  E (x )  a s  a  sum o f  two p a r t s ,  v i z . ,  F = F*j_ + Fg
■ oo
where F ^ (x )  = l p ( x - t ) c ^ X  d t  ^
to
a p p l i c a t i o n  o f  th e  above r e a s o n in g  l e a d s  t o  
F c U  - r i >  K  
= S-
_ oo
60
twoI f  s^.>>X , th e  te rm s  in v o lv in g  juL can be o m i t te d ,  g iv in g  
e q u a t io n s  fo r^ o ia n d  \  . The e q u a t io n s  w i l l  be r e f e r r e d  t o  i n  
i  3 and § 4 ( c f .  to o  F e rg u so n  and Lew is (1 9 5 3 )) .
g Z THEORSTICAL ASPECTS GOITCSMING THE SPIÏÏ 
RELATIONSHIP OF M  ELECTRON POSITRON PAIR IN TWO WANTUM
ANNIHILATION.
The tim e s t u d i e s  w i l l  be l a t e r  much concern ed  w ith  th e  
a n n i h i l a t i o n  p r o c e s s  and th e  s p in  sys tem s in v o lv e d .  D ira c  (1930) 
d e r iv e d  the two quantum a n n i h i l a t i o n  p r o b a b i l i t y  o f  a  p o s i t r o n  
e l e c t r o n  system . W heeler s t a t e d  t h a t  th e  e q u a tio n s  r e q u i r e  th e  
s y s te m /
KP ig .  24.
Two quantum a n n i h i l a t i o n .
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sy s tem  to  be i n  a  s i n g l e t  s t a t e  (IVheeler 1 9 46 ). G e n e ra l  s e l e c t i o n  
r a l e s  on symmetry g ro u n d s  have been  d e r iv e d  by Yang (1 9 5 0 ) .  As 
no d i r e c t  p ro o f  seemed r e a d i l y  a v a i l a b l e  i t  seemed d e s i r a b l e  t o  
check  on t h i s ,  from  th e  i n i t i a l  r e l a t i o n s  o f  D i r a c ,  a s  g iv e n  
below , ( p a r t i c u l a r l y  b ecau se  o f  e x p e r im e n ts  in v o lv in g  i r o n ,  l a t e r ,  
where th e  s p in s  o f  th e  d - s h e l l  e l e c t r o n s  a r e  a l i g n e d ) .
C o n s id e r  th e  a n n i h i l a t i o n  o f  an  e l e c t r o n  and p o s i t r o n  
t r a v e l l i n g  tov /ards one a n o th e r  ea ch  h a v in g  en e rg y  iüo and momentum 
Po e q u a l  i n  m ag n itu d e . Taking  th e  c e n t r e  o f  mass a s  o r i g i n ,  l e t  
th e  e m i t te d  q u a n ta  (each  h av in g  en e rg y  3 o ) have p o l a r i s a ­
t i o n s  (l]_,m2^ ), ( ( 2% )  where th e  re  s o l u t e s  a r e  a lo n g  th e  X
«— ^  T—^ ^
a x i s ,  th e  X a x i s  b e in g  p e r p e n d i c u l a r  t o  th e  p la n e  o f  p o  and
( c f .  F ig ,  E 4), The Y a x i s  i s  th e n  p e r p e n d i c u l a r  to  th e  X a x i s  
a t  (90 + 0 )  t o  Po where O is  th e  an g le  be tw een  Po and
The a n n i h i l a t i o n  o c c u r s  i n  two s t a g e s  by th e  e m is s io n  o f
—"y
f i r s t  and a f t e r ,  o r  v i c e  v e r s a .  The e l e c t r o n  o f  en e rg y  So 
( s t a t e  A) makes a t r a n s i t i o n  to  an  in t e r m e d ia te  s t a t e  d e s ig n a te d  
1 o r  E r e s p e c t i v e l y ,  h a v in g  f o u r  p o s s i b i l i t i e s  o f  s p in  and e n e rg y ,  
and th e n c e  to  th e  f i n a l  n e g a t iv e  e n e rg y  s t a t e  ( s t a t e  F ) o f  -E o .
Momentum i s  c o n se rv e d  i n  th e s e  t r a n s i t i o n s .  Then v c f .  H e i t 1 e r  
"The Q,uantum Theory o f  R a d ia t io n "  O xford  1947, p206 , eqn . (5 ) )  th e  
t r a n s i t i o n  p r o b a b i l i t y  p e r  u n i t  s o l i d  an g le  can  be w r i t t e n :
where Pp i s  th e  d e n s i t y  o f  f i n a l  s t a t e s  p e r  u n i t  en e rg y  i n t e r v a l ,
s V
— é51 —
) 11iii\ and S a re  th e  en e rg y  changes in v o lv e d  in  re a c h in g  th e  i n t e r ­
m ed ia te  s t a t e ;  and a r e  m a t r ix  e le m e n ts  f o r
th e  t r a n s i t i o n s ^  end r e f e r  t o  summation o v e r  th e  f o u r  
s p in  and ene rg y  p o s s i b i l i t i e s  o f  th e  in t e r m e d ia te  s t a t e s .
S u b s t i t u t i n g  f o r  and e v a lu a t i n g  th e  m a t r ix  e le m e n ts ,
where a  i s  a c o n s ta n t  ( a c t u a l l y  a  = e^c)*^ ,«1^ a re  th e  com ponents
o f  th e  D irac  o p e r a t o r  a lo n g  th e  p o l a r i s a t i o n  v e c t o r s  o f  th e
q u a n ta  K, , r e s p e c t i v e l y .  Uo r e f e r s  t o  th e  f o u r  com ponents o f
1 11th e  wave f u n c t i o n  o f  th e  i n i t i a l  s t a t e  A. u ,  u ,  u  r e f e r  s i m i l a r l y  
to  th e  o t h e r  s t a t e s  d e s ig n a te d  1 ,  2 , and F .
The main p u rp o se  i s  to  d e te rm in e  what s t a t e s  A and F c o n t r ib u te  
to  t h i s  e x p r e s s io n  %,
f o r  i n s t a n c e ,  i s  g iv e n  by th e  e l e c t r o n  e n e rg y :
(E 'y =  kl*--
where jk i s  th e  r e s t  m ass; and th e  speed  o f  l i g h t  i s  t a k e n  a s  
u n i t y  h e re  f o r  c o n v e n ie n c e .
M oreover th e  momenta o f  th e  in t e r m e d ia te  s t a t e s  can  be w r i t t e n  
( *5^ - kT ) and ( , so t h a t  : -
H ' -  j  H " -  ' 1 ^
i n  v i r t u e  o f  th e  D ira c  e q u a t i o n .
n
Eq (17b) may be w r i t t e n :
-  Ô2 -
T h e re fo re ;
CK ( 17c i.
Whence
IX  -  a
^ | i |  ^  I f^^je ku*^lU® i i )  " l%K,U^tm^\.
H e s t r i o t i n g  th e  p rob lem  to  t h a t  o f  s lo w ly  moving p a r t i c l e s
th e  te rm s  in v o lv in g  may be o m i t te d  i n  th e  m a t r ix  e le m e n ts ,  and
2 2 p
= 2jjL . W r it in g  / K \ , Q ^ - ( . , / V K ^ t ^  jiii r e d u c e s  t o ; -
4 ^ *  inLWf -uj^ (17a. )
where ^  i s  th e  an g le  betw een  th e  p o l a r i s a t i o n  v e c t o r s .
T aking  uo = ( 1 ,0 ,0 , 0 )  c o r re s p o n d in g  t o  an  e l e c t r o n  o f  s p in
1 /2  a lo n g  z ,  and p o s i t i v e  and u  r  ( 0 , 0 ,1 ,0 )  c o r re s p o n d in g  to
an e l e c t r o n  o f  s p in  1 /2  a lo n g  z and Eo n e g a t i v e ,  and w r i t i n g  th e
t o t a l  a n n i h i l a t i o n  r a t e  R = 2 f7%, ( ff v a ry in g  from  0 t o  7T only.)
Xtto xJ-Agf R= Zir/lD^^c (1 8 a ) .
/^w /
I f  however u  = ( 0 ,0 ,0 ,1 )  c o r re s p o n d in g  t o  an e l e c t r o n  w ith  
s p in  - l / 2  a lo n g  z , and So n e g a t iv e ,  g iv in g  a t r i p l e t  p o s i t r o n  
e l e c t r o n  s t a t e
R = 0 (18b)
T h is  i s  th e  r e s u l t  sought a f t e r ;  two quantum a n n i h i l a t i o n  
o c c u rs  o n ly  f o r  th e  s i n g l e t  s t a t e .  M oreover, a s  i s  w e ll  known, 
( c f .  e . g . , Yang 1950) (18a) shows th e  q u a n ta  a re  a lw ays p o l a r i s e d  
a t  r i g h t  a n g le s .
The r e l a t i o n  o f  th e  r e s u l t s  t o  Eqn. (10) i s  c l e a r .  I t  should  
be m en tioned  however t h a t  i n  com paring t h e o r e t i c a l  a n n i h i l a t i o n  
r a t e s /
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r a t e s  w ith  e x p e r im e n ta l  v a l u e s ,  t h a t  th e  th e o ry  does n o t  ta k e  
i n t o  a c c o u n t  th e  a t t r a c t i v e  f o r c e s  which th e  p o s i t r o n  and e l e c t r o n  
have f o r  one a n o th e r .  These f o r c e s  would produce d i s t o r t i o n  o f  
th e  wave f u n c t io n ,  i n c r e a s in g  th e  a n n i h i l a t i o n  p r o b a b i l i t y ,  
e s p e c i a l l y  a t  low er sp e e d s .  j^To i l l u s t r a t e  t h i s  d i s t o r t i o n ,  th e  
p o s i t r o n  p r o b a b i l i t y  d e n s i ty  v e r y  c lo s e  to  a  f i x e d  n e g a t iv e  p o in t  
cha rg e  would be in c r e a s e d  by th e  Coulomb f a c t o r  
g H e V ^ v _____________
1 -e jq p  (
where v i s  th e  speed o f  app roach  ( c f .  Temple (1 9 2 8 ) , M ott and
Massey (1 9 4 9 )) .  To a s s e s s  o rd e r s  o f  m agnitude D eutsch  (1953) has
p ro p o sed  t h a t  v be a s s o c i a t e d  w ith  v a le n c y  e l e c t r o n  s p e e d s ;
F (1 ,E )  i s  th e n  /v giT a t  th e  c e n t r e  o f  a t t r a c t i o n ^
§3  AEfEIHILATIOH OF POSITRONS IN THE GASES 
FREON AND OXYGEN.
( i )  P r e l im in a r y  s t u d i e s  and developm ent work.
As m en tioned  in  th e  i n t r o d u c t i o n ,  D eu tsch  (1951) had  shown th e
e x i s t e n c e  o f  a l i f e t i m e  f o r  p o s i t r o n s  a g a in s t  a n n i h i l a t i o n ,  in
f r e o n ,  o n ly  s l i g h t l y  dependen t on th e  p r e s s u r e  o v e r  th e  r e g io n
0 - 2  a tm o sp h e re s ,  and t h a t  i t  had a  v a lu e  n e a r  1 .4  x 10~"'^sec.
P r e l im in a iy  m easurem ents were made h e re  w ith  f r e o n  u s in g  a
••8c o in c id e n c e  u n i t  o f  r e s o lv in g  t im e 3 x  10" s e c s . ,  w ith  two 
s c i n t i l l a t o r s  o f  t e r p h e n y l  in  t o l u e n e ,  i n  c o n ta in e r s  2" x  lÿ*  
d i a m . , o v e r  a  g a s .p r e s s u r e  range e x te n d in g  to  5 a tm o sp h ere s .  
D elayed c o in c id e n c e s  were o b se rv ed  betw een  th e  1 .2 8  Mev r  - r a y
p o
of Na and th e  a n n i h i l a t i o n  r a d i a t i o n .  The f i n d i n g s  o f  D eutsch  
w e re /
— 64 —
were found to  be v a l i d  o v e r  th e  e x ten d e d  ra n g e .  A check  was 
made to o  on th e  a n n i h i l a t i o n  tim e in  oxygen, which was known 
t o  be i n v e r s e ly  p r o p o r t i o n a l  to  p r e s s u r e .  More a c c u r a te  e x p e r i ­
ments were c a r r i e d  o u t  l a t e r  ( c f .  ( i i i )  be low ).
I t  was d e c id e d  to  i n v e s t i g a t e  i f  p o s s i b l e ,  th e  d e la y e d  
a n n i h i l a t i o n  r a d i a t i o n  sp ec tru m  a s s o c i a t e d  w i th  t h i s  1 .4  x  lO""^ 
s e c .  p e r io d  i n  f r e o n ,  and t o  compare i t  w i th  th e  t h e o r e t i c a l  
p r e d i c t i o n s  o f  Ore and P o w e ll .  T h is  m ethod, w h i l s t  s e l e c t i n g  
th e  r e q u i r e d  lon g  p e r io d  r a d i a t i o n  would a l s o  e l im in a te  Y - r a d i a ­
t i o n s  from  th e  so u rce  and g a s  c o n t a i n e r .
The two c r y s t a l  method was f i r s t  t r i e d ,  u s in g  an  o rg a n ic  
c r y s t a l  1 cm as  s p e c t r o m e te r ,  back s c a t t e r e d  r a d i a t i o n  b e in g  
p ic k e d  up by a  r i n g  o f  sodium  io d id e .  The n u c le a r  1 .2 8  Mev Y - r a y  
was p ic k e d  up i n  a l i q u i d  o rg a n ic  s c i n t i l l a t o r  a s  b e f o r e . The 
sm a ll  o rg a n ic  c r y s t a l  c o u ld  o p e ra te  th e  K ic k s o r t e r  i f  a  s u i t a b l e  
d e lay e d  c o in c id e n c e  o c c u r re d  betv/een th e  o rg a n ic  s c i n t i l l a t o r s ,  
and i f  a p u ls e  w i th in  1 ^  sec  ap p eared  in  the  io d id e  c r y s t a l .  The 
e f f i c i e n c y  o f  th e  sy s tem  was found , a s  f e a r e d ,  t o  be to o  low.
I t  was t h e r e f o r e  n e c e s s a ry  to  m easure th e  a n n i h i l a t i o n  r a d i a ­
t i o n  in  a  l a r g e  sodium io d id e  c r y s t a l  d i r e c t l y ,  and th e  c a r r y in g  
o u t o f  th e  i n v e s t i g a t i o n  t h e r e f o r e  depended on th e  p o s s i b i l i t y  o f  
p ro d u c in g  a s u i t a b l e  m o d e ra te ly  f a s t  c o in c id e n c e  u n i t  u s in g  sodium 
io d id e  on th e  one s id e  i n s t e a d  o f  an  o rg a n ic  s c i n t i l l a t o r .  The 
r i s e  tim e o f  sodium io d id e  had been  r e p o r t e d  to  be abou t sec  
( H o f s ta d te r  (1949) ) .  I t  was hoped t h a t  by d r iv in g  the  p h o to - tu b e  
h a rd ,  th e  l e a d in g  edge o f  th e  p u l s e s  cou ld  be made s u f f i c i e n t l y  
s t e e p /
Fig. 25
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s te e p  f o r  th e  f i r s t  ZY r i s e  ( th e  g r i d  hase o f  th e  CY138 v a lv e )  to  
p ro v id e  an u n i t  o f  r e s o lv in g  t im e ^  5 x  10"®sec3. w ith  th e  
y e n e r g i e s  i n  th e  3 -(quantum a n n i h i l a t i o n  continuum* M oreover th e  
e x a c t  r e s o l v i n g  tim e  curve would have to  he p o s i t io n e d  in  an  ap p ro x ­
im a te ly  c o n s t a n t  manner a l s o  i r r e s p e c t i v e  o f  energy  ( c f .  i i i  he lo w ) . 
T e s t s  o f  a  c o in c id e n c e  u n i t  u s in g  sodium io d id e  on th e  one s id e
and a  t e r p h e n y l  c o u n te r  on th e  o t h e r  were c a r r i e d  o u t .  The a r r a n g e -
203ment was v e r y  s u c c e s s f u l  im m ed ia te ly . U sing  E Y - r a y s  a s  aQ
s o u r c e ,  c o in c id e n c e s  betw een th e  Y- r a y  and th e  s c a t t e r e d  compton 
Y - r a y ,  in v o lv in g  e n e r g ie s  100 Kev co u ld  he r e a d i l y  u t i l i s e d ,  
w i th  r e s o l v i n g  t im e s  o f  3 x 10“ ® secs. The o t h e r  req .u irem en ts  were 
a l s o  met a s  d e s c r ib e d  i n  ( i i i )  below .
( i i )  E x p e r im e n ta l  a r ran g em en t.
oo
A so u rce  o f  Ea o f  s t r e n g t h  2 ^ c .  was mounted and co v e red  
hy an  a lum in ium  f o i l  0 .0 0 5 ” t h i c k .  I t  was p la c e d  in s id e  a  c y l i n d r i ­
c a l  g as  c o n t a in e r  2” diam. , th e  w a l l s  o f  which were o f  0 .0 12"  co p p e r  
k e p t  t h i n  t o  reduce  s c a t t e r i n g  e r r o r s  ( i n s e t  f i g .  2 5 ) .  Two 
p e r f o r a t e d  p h o sp h o r b ronze  p l a t e s  0 .005 "  t h i c k ,  1^” a p a r t  were u se d  
t o  r e s t r i c t  th e  p o s i t r o n s  t o  th e  c e n t r a l  r e g io n  o f  th e  c o n t a i n e r .
The to lu e n e  s c i n t i l l a t o r ,  Cg (2” x 1^" diam. ) r e f e r r e d  to  above was 
p la c e d  n e a r  th e  s o u rc e .  O p p o site  t h i s  was p la c e d  th e  s p e c t r o m e te r  
c o u n te r  u se d  f o r  m easu ring  th e  en e rg y  o f  th e  d e lay e d  a n n i h i l a t i o n  
r a d i a t i o n  from  th e  g a s .  The s c i n t i l l a t o r  on t h i s  c o u n te r  was a  
sodium io d id e  b lo c k ,  1^” cube (C ^), composed o f  two p ie c e s  cem ented 
t o g e t h e r  a lo n g  a common p la n e  w ith  s i l i c o n  g r e a s e ,  a s  no s i n g l e  
c r y s t a l /
Fig. S6
Block diagram : C^ , Cg, counters ; P, preamplifier ; F, unit receiving fast 
coincidences ; A, amplifier ; D, discriminator ; T, triple coincidence 
unit delivering selected fast coincidences ; G, gate ; K, kicksorter.
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c r y s t a l  o f  t h i s  s u i t a b l e  s i z e  and shape was a v a i l a b l e .  The 
s c i n t i l l a t o r  was packed  in  magnesium o x id e ,  th e  io d id e  c r y s t a l  
b e in g  s e a le d  i n s i d e .  14 s ta g e  S .M .I .  tu b e s  were u s e d .  The ends  
o f  th e  io d id e  and t e r p h e n y l  s c i n t i l l a t o r s  were s i t u a t e d  1" and J" 
r e s p e c t i v e l y  from  th e  c o n ta in e r .  To reduce  s c a t t e r i n g  o f  d e la y e d  
a n n i h i l a t i o n  r a d i a t i o n  from  the  s u r ro u n d in g s ,  to  th e  s p e c tro m e te r  
c r y s t a l ,  th e  sy s tem  was s e t  up on a l i g h t  plywood t a b l e ,  and 
s u p p o r t s ,  e t c . ,  re d u ced  to  a  minimum.
The e l e c t r o n i c  a rrangem en t i s  shown i n  f i g .  26 and u s e ^ t h e  
c o in c id e n c e  e l e c t r o n i c s  e s s e n t i a l l y  d e s c r ib e d  i n  ° 1 . V a r ia b le  
am ounts o f  u n i r a d i o  31 co u ld  be in t ro d u c e d  i n  th e  main ch a n n e l  
system .
The s id e  c h a n n e l  d e l i v e r i n g  a t t e n u a t e d  p u l s e s  from  th e  
te r p h e n y l  c o u n te r  p e r m i t t e d  th e  p a s s in g  o f  p u l s e s  from  y - r a y s  
above /^600 Kev o n ly ,  i . e . ,  from  th e  n u c l e a r  1 .2 8  Mev y - r a y  o n ly  
h e r e .  On th e  sodium io d id e  ch an n e l p u l s e s  were ta k e n  from  th e  
t e n t h  dynode t o  a v o id  s a t u r a t i o n  e f f e c t s .  Some co n d en se r  a ttenu a tim  
was a l s o  u s e d .  The i n i t i a l  g r i d  r e s i s t a n c e  le a d in g  from th e  
m u l t i p l i e r  shown in  f i g .  16 was k e p t  h ig h  to  av o id  sev e re  d i f f e r ­
e n t i a t i o n  a t  t h i s  s t a g e .  The d i s c r i m i n a t o r  was s e t  so a s  to  c u t  
o f f  low e n e rg y  p u l s e s  ( a c t u a l l y  140 Kev) t o  en su re  s a t i s f a c t o r y  
perfo rm ance  from  th e  c o in c id e n c e  u n i t . The o u tp u t  from  th e  t r i p l e  
c o in c id e n c e  u n i t  opened th e  g a te  o f  the  K i c k s o r t e r  a n a ly s in g  th e  
p u l s e s  from  th e  io d id e  c r y s t a l ,  g iv in g  a b r i g h t  sp o t  on th e  ca thode 
ra y  tube  w hich  co u ld  be scanned by a m u l t i p l i e r ,  o r  p h o to g rap h ed , 
in  th e  manner d e s c r ib e d  e a r l i e r .  The r e s o lv in g  tim e used  here  
w as /
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Delay cable length in metres.
’Coincidence resolution curve between prompt pulses of a given height in thd 
sodium iodide counter and 1 2 Mev y-pulses in the other counter.
X electron energy, 200 kev ; o electron energy, 400 kev.
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7/as 5 X 1 0 s e c a ,  a s  d is c u s s e d  below .
( i i i )  The r e s o l u t i o n  curve and th e  d e te r m in a t io n  o f  a n n i h i l a t i o n
t im e s  o f  p o s i t r o n s  i n  f r e o n  and oxygen.
The c o in c id e n c e  r e s o l u t i o n  curve was i n v e s t i g a t e d  w i th  th e
c o n t a i n e r  e v a c u a te d .  The d e la y  betw een th e  appearance  o f  a n n i h i l a -
22t i o n  r a d i a t i o n  from  p o s i t r o n s  from  Ua in  m e ta ls  a f t e r  th e  n u c le a r
—10 (
y - e m is s io n  i s  o f  o rd e r  10 s e c s .  ( o f .  §4, c f .  to o  th e  m easu re ­
m ents o f  B e l l  and Graham (1953) on c o p p e r ) .  The cuirve can t h e r e f o r e  
be c o n s id e re d  an  ap p ro x im a te ly  prompt r e s o l u t i o n  c u rv e .  THien more 
th a n  20 m e tre s  o f  d e la y  c a b le  were i n s e r t e d  on the  1*28 MeV y s i d e ,
th e  c o in c id e n c e s  observed  were o n ly  random c o in c id e n c e s .  ( I n s e r t -
—9io n  o f  1 m etre  o f  c a b le  was e q u iv a le n t  t o  a d e la y  tim e o f  5 x 10 
s e c . ) .  Any p u l s e s  ap p e a r in g  h e re  w ith  a  g a s  p r e s e n t  would i n d i c a t e  
d e lay e d  a n n i h i l a t i o n  r a d i a t i o n .
I t  was n e c e s s a ry  to  de te rm in e  how th e  r e s o l u t i o n  curve v a r i e d  
w ith  th e  en e rg y  o f  th e  p u ls e  b e in g  m easured  i n  the  io d id e  c r y s t a l .  
F o r th e  d e te r m in a t io n  o f  d e la y e d  s p e c t r a  th e  u n i t  sh ou ld  have 
r e s o lv in g  t im e s  ro u g h ly  in d ep en d en t o f  th e  p u ls e  e n e r g ie s  i n  th e  
io d id e  c r y s t a l  (above th e  f i g u r e  o f  140 Kev p r e v io u s ly  s p e c i f i e d ) .  
F u rth e rm o re  th e  p o s i t i o n  o f  th e  curve sh o u ld  n o t  a p p re c ia b ly  v a r y  
w ith  th e s e  p u ls e  e n e r g i e s ;  o th e rw is e  d i s t o r t i o n  of th e  t r u e  
spec trum  o c c u r s .  F ig .  27 shows th e  p l o t s  o f  c o in c id en c e  co u n ts  
w ith  d e la y  c a b le  l e n g t h  f o r  narrow  ene rgy  bands o f  p u ls e s  from  th e  
io d id e  c r y s t a l .  One p l o t  i s  o b ta in e d  u s in g  e l e c t r o n s  in  th e  n e ig h ­
bourhood o f  200 KeV, th e  o th e r  u s in g  e l e c t r o n s  o f  about 400 Ke7. 
T hese /
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Variation of coincidence rate with delay for positrons in freon at 4-8 atmospheres.
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o3Qrgen a t 2 .4  atmoepbersa pressure.
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These p a r t i c u l a r  c o in c id e n c e  c o u n ts  a re  o b ta in e d  a s  th e  o u tp u t  
c o u n ts  o f  f i r s t  one and th e n  th e  o t h e r  o f two narrow  c h a n n e ls  o f  
th e  g a te d  K i c k s o r t e r ,  o o r re sp e n d in g  t o  th e s e  p a r t i c u l a r  e n e r g i e s .  
The r e s o lv i n g  tim e i s  seen  t o  be a p p ro x im a te ly  th e  same in  th e  two 
o a s e s .  There i s  a d is p la c e m e n t  o f  th e  eq tu iv a len t  o f  l | -  m e tre s  o f  
c a b le ,  c o r re s p o n d in g  to  7 .5  x  10"^sec  o n ly  f o r  th e  200-400 KeV 
change in v o lv e d ,  th e  b ig g e r  p u l s e s  a r r i v e  e a r l i e r .  T h is  tim e i s  
sm a ll  compared w ith  th e  a n n i h i l a t i o n  t im e s  i n  th e  g a s e s  u n d e r  th e  
c o n d i t i o n s  o f  t h i s  e x p e r im e n t , . a s  i s  see n  below . The e f f e c t  o f  
th e  d isp la c e m e n t  i s  to  p roduce  a sm a ll  e x a g g e ra t io n  o f  th e  low 
e n e rg y  com ponents i n  th e  spec trum .
F ig .  28 shows a d e la y e d  c o in c id e n c e  curve  o b ta in e d  when f r e o n  
was p r e s e n t  i n  th e  c o n t a in e r  to  a s a t u r a t i o n  p r e s s u r e  o f  4 .8  
a tm o sp h e re s ,  c i r c u m s ta n c e s  a p p ro x im a tin g  to  th o se  e x i s t i n g  when 
th e  s p e c t r a  were d e te rm in e d .  The l i f e t i m e  from  t h i s  and s i m i l a r  
c u rv e s  was (1 .2 5  ±. 0 .1 0 )  x 1 0 "^ sec .  T h is  a n n i h i l a t i o n  tim e i s  
o n ly  a l i t t l e  s h o r t e r  th a n  t h a t  quoted  by D eu tsch  (1951), from  h i s  
e x p e r im e n ts  a t  low er p r e s s u r e .  The v a r i a t i o n  o f  t h i s  a n n i h i l a t i o n  
tim e w ith  p r e s s u r e  i s  a t  most s l i g h t .  F ig .  29 shows a cu rve  f o r  
oxygen a t  2 .4  a tm o sp h ere s  a t  room te m p e ra tu r e .  T h is  l e a d s  to  a  
v a lu e  o f  8 .8  x  10**® s e c .  w ith  an e r r o r  o f  ro u g h ly  ± 1 . 5  x 10 ®secs 
i n  agreem ent w i th  th e  v a lu e  g iv e n  by D eu tsch  o f  8 x 10~® s e c s .
( i v )  The d e la y e d  a n n i h i l a t i o n  sp ec trum  o f  p o s i t r o n s
i n  f r e o n ,  and in  oxygen.
The s p e c t r o m e te r  c h a r a c t e r i s t i c s  o f  th e  sodium io d id e  c r y s t a l  
and m u l t i p l i e r  were exam ined. F ig .  25 shows th e  a n n i h i l a t i o n  
s p e c tru m /
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sp ec tru m  o b ta in e d  when p o s i t r o n s  a n n i h i l a t e d  i n  co p p e r ,  u s in g  
o n ly  th e  io d id e  c o u n te r  and K ic k s o r t e r .  E u b i ts c h e k  (1 9 5 0 )  h as  
shown th e  1 ,0 8  MeV r  - r a y  o f  Cu^^ t o  be o n ly  o f  1 ^  r e l a t i v e  
i n t e n s i t y .  The e x p é r im e n ta l  cu rve  a g r e e s  w i th  rough  e x p e c t a t io n s  
f o r  a  c r y s t a l  o f  t h i s  s i z e .  The main peak  i s  p a r t l y  p h o t o e l e c t r i c  
i n  o r i g i n  in v o lv in g  c a p tu r e  o f  any a s s o c i a t e d  io d in e  X - ra y s .  I t  
i s  due t o  th e  re a d y  a b s o r p t io n  o f  back  s c a t t e r e d  Compton r a d i a t i o n  
which e l i m in a t e s  th e  Compton edge . The gap a t  ^  4E0 KeV c o r r e s ­
ponds to  th e  gap which would o cc u r  i n  a  s m a l l e r  c r y s t a l  betw een 
th e  Compton edge and p h o to p eak . The sm a ll  low e n e rg y  b u lg e  (above 
1000 c o u n ts )  i n  th e  m u l t i p l e  Compton d i s t r i b u t i o n  can  be e x p la in e d  
in  some measure by back  s c a t t e r i n g  o f  y  - r a y s  from  th e  r e a r  p a r t s  
o f  th e  c r y s t a l  m oun ting .
S im i la r  c u rv e s  were o b ta in e d  u s in g  Ea^^ i n  an  e v a c u a te d  co n ­
t a i n e r  w ith  th e  two c o u n te r s  in  prompt c o in c id e n c e ,  when th e  
c o u n te r  d e t e c t i n g  n u c l e a r  Y - r a d i a t i o n  was p la c e d  so a s  t o  m in i ­
m ise th e  prompt c o in c id e n c e s  from  i t s  back  s c a t t e r e d  Compton
/ -6r a d i a t i o n .  T h is  ex p e rim en t was c a r r i e d  o u t  u s in g  a  low (10 s e c . )
r e s o lv in g  tim e a s  a  f u r t h e r  check.
The l i n e a r i t y  o f  re sp o n se  w ith  y - r a y  en e rg y  o f  th e  s p e o t r o -
E03
m ete r  s id e  was checked  u s in g  th e  S80-Ke7 y - r a y  o f  H , th e
64 ^a n n i h i l a t i o n  r a d i a t i o n  o f  Cu p o s i t r o n s  i n  c o p p e r ,  and th e  660 EeV
137Y - r a y  o f  Cs . F u r t h e r  th e  e f f e c t  o f  so u rce  p o s i t i o n i n g  was 
exam ined. I t  was n e c e s s a ry  t o  d e te rm in e  what e f f e c t  th e  p o s i t i o n ­
in g  o f  th e  p o s i t r o n  a t  a n n i h i l a t i o n  would have on th e  o b se rv e d  
spec trum . The Cu®^ s o u rc e ,  e n c lo s e d  in  c o p p e r ,  was p la c e d  a t  
v a r i o u s /
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v a r i o u s  p o i n t s  a t  d i s t a n c e s  o f  1" -  3” from  th e  io d id e  c r y s t a l ,
203 137
and th e  s p e c t r a  examined* The Eg and Cs s o u rc e s  were l i k e ­
w ise examined ( s c re e n e d  where n e c e s s a ry  from  c o n v e rs io n  X - r a y s ) .
The s p e c t r a l  d i s t r i b u t i o n s  d id  n o t v a r y  a p p r e c i a b ly ,  th e  v a r i a t i o n  
i n  th e  r a t i o  peak  c o u n ts  t o  t o t a l  c o u n ts  b e in g  l e s s  th a n  abo u t 5^.
F o r  th e  d e te r m in a t io n  o f  th e  d e la y e d  c o in c id e n c e  spec trum , 
th e  n u c l e a r  Y- r a y  ch a n n e l  was d e la y e d  by 25 m e tre s  o f  c a b le .
T h is  w orking p o in t  i s  th e  p o i n t  + 25 i n  f i g .  27 (p roduced) and in  
f i g s .  28 , 29. The d e la y e d  c o in c id e n c e  p u l s e s  o b ta in e d  u n d e r  th e s e  
c i r c u m s ta n c e s  a t  th e  K i c k s o r t e r  ca thod e  ra y  tub e  were p h o to g rap h ed . 
P u l s e s  c l e a r  o f  th e  140 Ke7 t h r e s h o l d  employed were re c o rd e d .  The 
s p e c t r a  o f  th e  random c o in c id e n c e s  were o b ta in e d  by t r a n s f e r r i n g  
th e  25 m e tre s  o f  d e la y  c a b le  t o  th e  o th e r  s i d e ,  i . e . ,  t o  th e  io d id e  
c h a n n e l .  T h is  p o in t  i s  th e  p o i n t  -2 5  on f i g ,  27 (p roduced  b a c k ) .
The random p u l s e s  sh o u ld  show up th e  c h a r a c t e r i s t i c s  o f  th e  t o t a l
22r a d i a t i o n  p ic k e d  up from  th e  Ea so u rce  and from  a n n i h i l a t i o n  i n
th e  g a s  and s u r ro u n d in g s .
The r e s u l t s  o b ta in e d  w ith  oxygen i n  th e  g a s  c o n t a i n e r  a t  a
p r e s s u r e  o f  2 .4  a tm o sp h e re s  a t  room te m p e ra tu re  a re  i l l u s t r a t e d  in
f i g .  30 . The random c o u n ts  a r e  shown d o t t e d .  The r e a l  co u n ts
a f t e r  s u b t r a c t i n g  th e  random c o u n ts  p o in t  f o r  p o in t  a re  shown by
th e  f u l l  l i n e .  An a n n i h i l a t i o n  peak  a t  510 KeY i s  see n . A low
e n e rg y  bu lge  c o r re sp o n d in g  t o  t h a t  in  f i g .  25 a p p e a r s ,  b u t  which
i s  more p rom inen t in  h e i g h t .  The re a s o n s  f o r  t h i s  a re  g iv e n  below.
The r e s u l t s  f o r  f r e o n  i n  th e  c o n t a in e r ,  a t  a  p re s s u r e  o f  5. g
a tm o sp h e re s ,  a t  room te m p e ra tu re  a re  shown i n  f i g .  31 . The random
c o u n ts  a r e  h e re  r e l a t i v e l y  l e s s  i n  number. The f u l l  curve a g a in  
shows/
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shows th e  r e a l  c o u n ts  a f t e r  s u b t r a c t i o n  o f  random c o u n t s , ,  p o in t  
f o r  p o i n t .  Her© th e  510 ZeV r a d i a t i o n  peak  i s  a b s e n t ,  and the  
p re se n c e  o f  a  b road  band o f  e n e r g i e s  i s  c l e a r l y  i n d i c a t e d .  The 
p r e c i s e  shape and i t s  r e l a t i o n  to  th e  th e o ry  a re  exam ined i n  
d e t a i l  below.
( v )  A n a ly s i s  o f  r e s u l t s  and com parison  w ith  th e o r y .
F o r  oxygen, i n  f i g .  3 0 , th e  h e ig h t  o f  th e  510 KeY peak  i s  
lo w e r ,  r e l a t i v e  t o  t h a t  o f  th e  low en e rg y  b u l g e , t h a n  i t  i s  f o r  
th e  s p e c t r a l  cu rve  o f  f i g .  25. The w id th  o f  th e  510 KeY peak a t  
h a l f  h e ig h t  i n  f i g .  30 i s  however g r e a t e r .  (20^ , compared w ith  
14^ f o r  f i g .  2 5 ) .  T h is  in c r e a s e d  w id th  i s  due t o  s l i g h t  v a r i a t i o n  
i n  g a in  o v e r  th e  s e v e r a l  h o u rs  o f  ru n n in g  tim e in v o lv e d  i n  th e  
m easurem ents and t o  a  l e s s e r  e x te n t  t o  a  s l i g h t  g r a d u a l  d e t e r i o r a ­
t i o n  i n  th e  c r y s t a l  s in c e  th e  e x p e r im e n ts  f i r s t  began . The lo w e r­
ing  i n  h e ig h t  i s  i n  g r e a t  measure due t o  th e  in c r e a s e d  w id th .  There 
a re  o th e r  f a c t o r s  which a c c e n tu a te  t h i s  lo w e r in g . The d isp la c e m e n t  
o f  th e  r e s o l u t i o n  cu rve  w ith  p u ls e  en e rg y  i n  th e  io d id e  c r y s t a l  
( o f .  i i i )  would cause  a  f u r t h e r  10^ r i s e  in  th e  low e n e rg y  p u l s e s .  
A lso  m easurem ents on s c a t t e r i n g  s u g g e s t  an  a d d i t i o n a l  r i s e  o f  5^ 
a t  th e  lo w er e n e r g i e s ,  p a r t i c u l a r l y  from  the  n e ig h b o u r in g  to lu e n e  
s c i n t i l l a t o r .  I t  t h e r e f o r e  seems c l e a r  o v e r  th e  range  examined 
t h a t  Y - r a y s  o f  en e rg y  510 KeY o n ly  a re  e m i t te d  from  th e  a n n i h i l a ­
t i o n  o f  p o s i t r o n s  i n  oxygen.
The p r e c i s e  shape o f  th e  f r e o n  cu rve  w i l l  be d i s c u s s e d .  The 
Ore -  P ow ell t h e o r e t i c a l  curve f o r  th e  d i s t r i b u t i o n  o f  Y- r a y  energy 
i n /
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i n  t h r e e  q.uantnm a n n i h i l a t i o n  i s  shown in  f i g .  3E i n s e t .  The 
io d id e  c r y s t a l  a b so rb s  th e  lo w er en e rg y  q u a n ta  p r e f e r e n t i a l l y  
and t h i s  p r e f e r e n c e  i s  s l i g h t l y  in c r e a s e d  by th e  n e a rn e s s  o f  
th e  sou rce  p o i n t s  t o  th e  c r y s t a l .  The d o t t e d  i n s e t  curve shows 
th e  r e l a t i v e  numbers o f  Y - r a y s  which would be ab so rb ed  by th e  
c r y s t a l  i n  th e  range c o n s id e r e d .  The cu rve  was computed u s in g  
th e  a b s o r p t i o n  d a ta  g iv e n  by He i t  1 e r  (1947) ( c f .  to o  in t r o d u c t io n ) .
In  c o n s id e r in g  th e  e l e c t r o n  en e rg y  d i s t r i b u t i o n  which would 
be p ro duced  in  th e  c r y s t a l ,  a llow ance  h as  to  be made f o r  th e  f a c t  
t h a t  more e l e c t r o n s  a r e  p roduced  in  th e  peak  f o r  the  low er ene rgy  
Y - r a d i a t i o n s ,  p r i m a r i l y  because  o f  th e  in c r e a s e d  im portance  o f  
th e  p h o t o e l e c t r i c  e f f e c t .  The r a t i o  o f  e l e c t r o n s  i n  th e  peak  to  
th e  t o t a l  number e n e r g i s e d  were 0 .3 5 ,  0 .4 3 ,  0 .6 5  f o r  th e  560, 510, 
280 KeV r a d i a t i o n s  r e f e r r e d  t o  p r e v io u s ly .  The e x p e c te d  e l e c t r o n  
sp ec tru m  n o t  a l lo w in g  f o r  v a ry in g  peak  w id th s  i s  shown i n  f i g .  32. 
The low er en e rg y  p o r t i o n  i s  shown by d ash es  and in v o lv e s  s l i g h t  
e x t r a p o l a t i o n ,  b u t  th e  e r r o r s  a re  e s t im a te d  a t  l e s s  th a n  5^, 
t h i s  p a r t  o f  th e  cu rv e  b e in g  e s s e n t i a l l y  c o r r e c t  i n  shape . The 
e x p e r im e n ta l  curve o f  f i g .  31 i s  shown f o r  com parison  and i s  i n  
c lo s e  agreem ent w ith  th e  t h e o r e t i c a l  p r e d i c t i o n s  o f  Ore and P ow ell 
o v e r  th e  range  s t u d i e d .
The p r o b a b i l i t y  o f  two q u an ta  r e g i s t e r i n g  s im u l ta n e o u s ly  h as
c-ome.
n o t  been  in t ro d u c e d .  F o r  most o f  th e  r a d i a t i o n s  would^^from p o s i ­
t r o n s  n e a r  th e  s o u r c e , b o th  f o r  f r e o n  and oxygen. A gain  two q u an ta  
ru n n in g  c lo s e  t o g e t h e r  a r e  n o t  fa v o u re d  from  an  i n s p e c t i o n  o f  th e  
phase space a s p e c t  o f  any th e o ry .  The phase space  a l l o c a t e d  
p e r  u n i t  s o l i d  a n g le  f o r  t h r e e  a n n i h i l a t i o n  r a d i a t i o n s  
i s /
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i s  ( c f .  Ore and P o w ell  1949) P z ^ K  K K dK dK , w h ereo f i s
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a n o r m a l i s a t i o n  c o n s t a n t .  The f u l l  O re -P ow ell  th e o ry  o b ta in e d  
by m u l t i p ly in g  t h i s  e x p r e s s io n  by t r a n s i t i o n  m a t r i c e s  shows a 
l i t t l e  more te n d e n c y  f o r  s m a l le r  a n g u la r  sp a c in g  th a n  th e  s t a t i s t i ­
c a l  e s t i m a t e ,  ( c f .  to o  S ie g e l  , P e u ts c h  (1 9 5 3 )) .
(vi) D is c u s s io n .
The e x p e r im e n ta l  r e s u l t s  f o r  f r e o n ,  and th e  O re -P ow ell c u r v e s ,  
have been  shown t o  be i n  c lo s e  ag reem en t.  To e s t a b l i s h  th e  e x p e r i ­
m e n ta l  v e r i f i c a t i o n  o f  th e  th e o r y  r e a s o n s  sh ou ld  be advanced f o r  
b e l i e v i n g  t h a t  th e  long  p e r io d  decay  in  f r e o n  i s  a s s o c i a t e d  w ith  
o n ly  t r i p l e t  bound e l e c t r o n  p o s i t r o n  s t a t e s .
A n n i h i l a t i o n  from  a t r i p l e t  s t a t e  h a s  to  be a t h i r d  o r d e r  
p r o c e s s  ( o f .  § £ ) ,  u n l ik e  t h a t  from  bound s i n g l e t s .  I t  i s  t h e r e ­
f o r e  l i k e l y  to  be slow . F u rth e rm o re  a t  th e  h ig h  d e n s i t i e s  in v o lv e d  
i n  th e  e x p e r im e n t ,  a n n i h i l a t i o n  o f  f r e e  p o s i t r o n s  was e x p e c te d  to  
be v e r y  f a s t  ( c f .  to o  oxygen and I  4 ) .  That i t  i s  so i n  f a c t  i s  
p ro v ed  e x p e r im e n ta l ly  in  (v li) .  T h is  l a t t e r  would o c c u r ,  o f  c o u r s e ,  
w i th  two and t h r e e  quantum p r o c e s s e s  i n  c o m p e t i t io n .  A gain  th e  
s m a l l  p r e s s u r e  dependence o f  th e  a n n i h i l a t i o n  tim e i n d i c a t e s  t h a t  
few  t r i p l e t s  a r e  c o n v e r te d  to  s i n g l e t s  by c o l l i s i o n ,  so t h a t  th e  
s t a t e  must be c lo s e  to  pu re  t r i p l e t .  C o n f irm a tio n  o f  th e  s t a t e  
and v e r i f i c a t i o n  o f  th e  th e o r y  comes t h e r e f o r e  from  th e  p ro x im i ty  
o f  th e  e x p e r im e n ta l  v a lu e  in  f r e o n  o f  th e  decay  tim e t o  th e  
t h e o r e t i c a l  O re -P ow ell  t r i p l e t  tim e o f  1 .4  x 10**^s e c ,  and th e  c l o s e ­
n e s s  o f  th e  e x p e r im e n ta l  and t h e o r e t i c a l  s p e c t r a  a s s o c i a t e d  w ith
th e s e  t im e s .  I t  sho u ld  be m entioned  t h a t  t h e o r e t i c a l  c a l c u l a t i o n s  
l e a d i n g /
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l e a d in g  t o  l i f e t i m e s  f o r  t h e  t r i p l e t  bound s t a t e  have b een  g iv e n
by R a d o l i f f e  (1950) c o n f irm in g  th e s e  p r e d i c t i o n s ,  a l s o  by L i f s h i t z
(1948) and by Ivanenko and Sokolov (1948) who c a l c u l a t e d  l i f e t i m e s
o f  8 .8  z  10“ ® s e c .  and 6 .4  x  10“ ^ s e c .  r e s p e c t i v e l y .
C o n s id e r  th e  case  o f  oxygen on th e  o t h e r  han d , w i th  a
p r e s s u r e  d ep en d en t l i f e t i m e ,  h av in g  a  v a lu e  n e a r  8 x  lO "^  se c .
a t  2 .4  a tm o sp h e re s .  I f  t h e r e  were any t r i p l e t  p o s i t r o n iu m ,  th e
l i f e t i m e  a g a i n s t  a n n i h i l a t i o n  co u ld  be red u ced  by t r a n s i t i o n s  to
—10t h e  s i n g l e t  s t a t e  (which l a t t e r  a n n i h i l a t e  i n  10 s e c s ) .  I f  th e  
8 X 1 0 s ec .  p e r io d  were a s s o c i a t e d  w ith  such  t r i p l e t  s t a t e s ,  an  
a p p r e c i a b l e  amount o f  them would have t o  be p r e s e n t .  But th e  
sp ec tru m  a s s o c i a t e d  w ith  t h i s  p e r io d  showed no s ig n  o f  them. I t  
would t h e r e f o r e  seem t h a t  th e  8 x 10“ ® s e c .  p e r io d  i n  oxygen does 
n o t  in v o lv e  p o s i t ro n iu m . I t  cou ld  a r i s e  from  p o s i t r o n s  a n n i h i l a t ­
in g  by c o l l i s i o n s  and t h i s  can in c lu d e  th e  p o s s i b i l i t y  o f  fo rm ing  
p o s i t i v e  io n s  w ith  su b seq u en t  a n n i h i l a t i o n .
L a s t l y  r e f e r e n c e  sh o u ld  be made t o  th e  a n n i h i l a t i o n  tim e i n
oxygen. U sing  fo rm u la  (10) and assum ing  a l l  e l e c t r o n s  a v a i l a b l e ,
—7th e  l i f e t i m e  o f  p o s i t r o n s  i n  oxygen would be 1 .5  x  10 s e c .
The l i f e t i m e  i s  s h o r t e r  th a n  g iv e n  by th e  fo rm u la ,  s t i l l  more so 
a s  th e  i n n e r  e l e c t r o n s  a r e  n o t  r e a d i l y  re a c h e d .  T h is  i s  found  to  
be t r u e  f o r  th e  f a s t  p e r io d  i n  f r e o n  a l s o  ( c f .v h )  and f o r  th e  
s o l i d s  ( c f .  ® 4 ( i ) ).
(vli) P a s t  a n n i h i l a t i o n  p r o c e s s e s  i n  f r e o n .
The e x i s t e n c e  o f  a t r i p l e t  s t a t e  o f  p o s i t ro n iu m  e n a b le s  one
t o /
Fig# 33a# Diagram o f  one a rran g em en t u s e d  f o r  
deteiTTiining th e  f a s t  a n n i h i l a t i o n  tim e f o r  p o s i t r o n s  
i n  freon#
P ig  33h C o n s t r u c t io n  o f  a s c i n t i l l a t o r  c e l l .
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t o  i n f e r  th e  p r o b a b i l i t y  o f  e x i s t e n c e  o f  th e  s i n g l e t  s t a t e  a l s o .
I t  seemed d e s i r a b l e  t o  lo o k  f o r ,  and exam ine, th e  f a s t  decay i n
f r e o n ,  even th o u g h  i t  m ight in v o lv e  a t  l e a s t  two p r o c e s s e s ,  v i z . ,
s i n g l e t  decay  and c o l l i s i o n  a n n i h i l a t i o n .  E x p er im en ts  by Pond,
(1 9 5 2 ) , u s in g  h i t r i c  ox ide  t o  quench th e  t r i p l e t  s t a t e  i n d i c a t e d
t h a t  i n  th e  g a s e s  examined by h im , v i z . ,  h y d ro g en , n i t r o g e n ,  a rg o n ,
and h e l iu m , o n ly  abou t l / 4  o f  th e  a n n i h i l a t i o n s  in v o lv ed  t r i p l e t
p o s i t ro n iu m . S in g le t  fo rm a tio n  can  be e x p e c te d  to  be t h r e e  t im e s  a s
r a r e  a s  t r i p l e t  f o r m a t i o n .  At h i g h  p o s i t r o n  e n e r g i e s ,  h o w e v e r ,
t r i p l e t  p o s i t r o n iu m  m ight b re a k  up by c o l l i s i o n  b e fo re  a n n i h i l a t i o n
so t h a t  th e  r a t i o  o f  s i n g l e t  a n n i h i l a t i o n  t o  t r i p l e t  may g r e a t l y
exceed  l / 3 .  .
A t h i n  so u rc e  o f  ITa ^ i n  i n s u l i n ,  was mounted on alum inium
f o i l  0#E5 mgm/sq..cm. The t h i c k n e s s  o f  th e  so u rce  and i n s u l i n  was 
shown to  be l e s s  t h a n  0 .2 5  mgm/sq.cm. The t h i c k n e s s  l i m i t  was 
d e te rm in ed  by p a r t i a l l y  c o l l im a te d  - p a r t i c l e  a b s o r p t io n  m easu re­
m ents u s in g  a  z in c  s u lp h id e  s c i n t i l l a t i o n  c o u n te r ,  s e n s i t i v e  o n ly  
t o  o ( - r a d i a t i o n .  ( F u r th e r  th e  sodium was known to  be p r e s e n t  a s  
s u lp h a te ,  and a p a r t  from  p o s s i b l e  sodium im p u r i ty  i n  th e  i n i t i a l  
magnesium t a r g e t  ( from  which th e  so u rce  was p ro d u c e d ) ,  th e  so u rce  
th i c k n e s s  was known t o  be c o n s id e r a b ly  l e s s  t h a n  t h e  f i g u r e  ab o v e . 
The o p t i c a l  a p p e a ran c e  o f  com parison  l a y e r s  o f  o rd in a ry  i n a c t i v e  
sodium s u lp h a te  o n  a lum inium  confirm ed  th e  above l i m i t ) .  The 
so u rce  was p la c e d  a t  th e  c e n t r e  o f  a  g a s  chamber 4” d ia m e te r  and 
6” long  a s  shown i n  f i g .  3 3 , one o f  th e  e x p e r im e n ta l  a rrangem en ts
u se d .  The so u rce  o cc u p ie d  a  r e c t a n g u l a r  a r e a  1 cm. wide by 2 cms.
l o n g ,  i t s  l e n g t h  b e i n g  p a r a l l e l  t o  t h a t  o f  t h e  g a s  c y l i n d e r .  The 
a lu m in iu m /
F i g .  3 4 .D elayed  c o in c id e n c e  c u rv e s  showing f a s t  
p o s i t r o n  a n n i h i l a t i o n  i n  f r e o n ,  and s p e c i f y in g  
d i r e c t l y  th e  t r i p l e t  p o s i t r o n iu m  abundance.
X  A n n ih i l a t i o n  i n  alum inium  ( l . 2 8  Mev Y -ray
o f  Na^^ and a n n i h i l a t i o n  r a d i a t i o n )  
o—  A n n i h i l a t i o n  i n  f r e o n  ( 1 .2 8  Mev. Y -ray  
o f  Na 22 and a n n i h i l a t i o n  r a d i a t i o n ) .
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a lu m in iu m  f o i l  w as lÿ *  w ide  by  2" l o n g ,  i t s  l e n g t h  b e i n g  a l s o  
p a r a l l e l  t o  t h e  l e n g t h o f  t h e  g a s  c y l i n d e r .  The f o i l  was s u p p o r t e d  
on  a  w i r e  (3 0  SH?&) b e n t  t o  f o im  a  r e c t a n g l e .  The s o u r c e  c o u l d  be 
c o v e r e d  by  a lu m in iu m  p l a t e s ,  o r  a l t e r n a t i v e l y  t h e  g a s  cham ber  c o u ld  
be f i l l e d  w i t h  f r e o n  a t  v a r i o u s  p r e s s u r e s .  A t a  s a t u r a t i o n  v a p o u r  
p r e s s u r e  o f  n e a r l y  5 a t m o s p h e r e s  a b o u t  95^  o f  t h e  p o s i t r o n s  a n n i h i ­
l a t e d  i n  t h e  g a s .  ( T h i s  was shown by a b s o r p t i o n  m e a s u re m e n ts  i n  a  
s e p a r a t e  g a s  c h a m b er  w i t h  a  w indow , i n  w h ich  t h e  nu m b er  o f  p o s i t r c n s  
r e a c h i n g  a n  a n t h r a c e n e  s c i n t i l l a t o r  c r y s t a l  i n s i d e  was d e t e r m i n e d ,  
a t  v a r i o u s  p r e s s u r e s ) .
I n  t h e  a r r a n g e m e n t  o f  f i g .  3 3 ,  one c o u n t e r  p i c k e d  up  t h e  1 .2 8  
MeV n u c l e a r  Y - r a d i a t i o n ,  t h e  o t h e r  p i c k e d  u p  t h e  a n n i h i l a t i o n  
r a d i a t i o n .  A l e a d  b l o c k  s c r e e n e d  t h e  two c o u n t e r s  f ro m  Compton 
e f f e c t s .  P a i r  p r o d u c t i o n  by  t h e  n u c l e a r  1 .2 8  MeV Y - r a d i a t i o n  i n  
l e a d  was o f  no a c c o u n t  b e c a u s e  o f  t h e  h e a v y  b i a s s i n g  o f  t h e  d i s ­
c r i m i n a t o r  i n  t h e  1 .2 8  MeV y - c o u n t e r  e n d  b e c a u s e  o f  t h e  a t t e n u a t i o n  
i n  t h e  l e a d .  The c o u n t e r s  u s e d  t e r p h e n y l  i n  t o l u e n e  l i q . u i d  s c i n ­
t i l l a t o r  c e l l s  ( t h e  c e l l s  a r e  shown i n  f i g .  3 3 b ,  d e s i g n e d  t o  
e l i m i n a t e  t h e  p r e s e n c e  o f  a  b u b b le  i n  t h e  m a in  c o m p a r tm e n t w h a t­
e v e r  i t s  p o s i t i o n ,  t h e  s i d e  c o m p ar tm en t b e i n g  p a i n t e d  b l a c k ;  
s e a l i n g  i s  done w i t h  p o ly t h o n e  p l u g s ) .
One o f  t h e  s e v e r a l  p a i r s  o f  d e l a y e d  c o i n c i d e n c e  c u r v e s  
o b t a i n e d  by  t h i s  m e th o d  i s  shown i n  f i g .  3 4 ,  w i t h  a  f r e o n  p r e s s u r e  
o f  4 . 5  a t m o s p h e r e s  a t  2 5 ^ 0 .  The p e r i o d  i s  im m e d ia te ly  s e e n  t o  be 
v e r y  s h o r t .  A ls o  t h e  d i f f e r e n c e  b e tw e e n  t h e  maximum o r d i n a t e s  ( o r  
b e t t e r  t h e  a r e a s ,  c o r r e c t i n g  f o r  t h e  t a i l )  i n d i c a t e s  a p p r o x i m a t e l y  
t h e /
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th e  number o f  p o s i t r o n s  d ec ay in g  th r e e  quantum -wise from  th e  lo n g
l i v e d  t r i p l e t  s t a t e .  I t  i s  25^ . The c e n t r o id  s h i f t  a s s o c i a t e d
-10w ith  th e  f a s t  p e r io d  o r  p e r i o d s ,  a s  o b se rv e d ,  was 4 +  2 x  10 se c .
The tim e f o r  p o s i t r o n s  t o  come to  r e s t  i n  th e  g a s  i s  p ro b a b ly  
-10
1 -  2 X 10 s e c .  The l i f e t i m e  o f  p o s i t r o n s  i n  a lum inium , a s  
i n d i c a t e d  i n  S 4 i s  n e a r  1 .6  x  lO ^^^sec . Assuming th e  f a s t  p e r io d  
o r  p e r io d s  to  be a s s o c i a t e d  w i th  two quantum a n n i h i l a t i o n ,  th e  l i f e ­
tim e would seem t o  be l e s s  th a n  abou t 6 x  10“^ ^ s e c .  T h is  p e r io d  
i s  e x c e p t io n a l l y  f a s t ,  f a r  s h o r t e r  th a n  e x p e c te d  from  o r d in a r y  
c o l l i s i o n .  Some o f  i t  i s  c e r t a i n l y  t o  be a s s o c i a t e d  w i th  s i n g l e t  
p o s i t r o n iu m ,  th o u g h  some o f  i t  may be due to  a  c o l l i s i o n  p ro c e s s  
an a lo g o u s  to  io n  fo rm a t io n .  On re d u c in g  th e  p r e s s u r e  t o  2 and 1 
a tm o sp h e re s  e v id en c e  o f  v e r y  sm a ll  s u c c e s s iv e  s h i f t s  t o  lo n g e r  
l i f e t i m e s  o c c u r r e d .  The m ain r e s u l t s  g iv e n  above have been o b ta in ed  
to o  w i th  a s l i g h t l y  t h i c k e r  so u rce  and w i th  one o f  d i f f e r e n t  o r i g i n .
I n  a  r e c e n t  a r t i c l e  D eu tsch  (1953) q u o te s  th e  f r a c t i o n  o f  
p o s i t r o n s  fo rm in g  p o s i t r o n iu m  i n  th e  case  o f  f r e o n  to  be around 25^ 
from  th e  r e s u l t s  o f  a  quench ing  method.
I t  i s  n e c e s s a r y  t o  r e f e r  t o  th e  en e rg y  r e s t r i c t i o n s  on form a­
t i o n  o f  p o s i t r o n iu m .  The i o n i s a t i o n  en e rg y  o f  p o s i t ro n iu m  i s  
6 .8  ev . ( o f .  R uark  1 9 4 5 ). The i o n i s a t i o n  e n e rg y  F o f  f r e o n  i s  
1 1 .7  ev . (B aker and T a te  (1 9 3 8 ). Only i f  th e  p b s i t r o n s  have an 
en e rg y  ex c eed in g  (F -  6 .8 )  can  fo rm a tio n  o f  p o s i t r o n iu m  be ex p e c ted .
D eu tsch  (1953) h a s  su g g e s te d  th e  e x p l i c i t  r a t i o  (F -  6 .8 ) / F  
a s  a  rough  m easure o f  th e  amount o f  t r i p l e t  s t a t e  in  s e v e r a l  g a s e s .
i  4 /
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8 4 AHHIHIIATIOir US COHDEHSED MATERIALS, HUCLEAR
LIFETIMES, COHCLULIHG REMARKS.
(1) Com parison m easurem ents  on a n n i h i l a t i o n  t im e s  and t h e i r  
co n seq u en ces .
As m entioned  i n  th e  i n t r o d u c t i o n ,  th e  th e o r y  o f  p o s i t r o n  
a n n i h i l a t i o n  a s  g iv e n  by e q n . (10) p r e d i c t e d  a  l i f e t i m e  p r o p o r t i o n a l  
t o  e l e c t r o n  d e n s i t y ,  th o u g h  i t  was r e a l i s e d  t h a t  th e  p o s i t i v e  cha rge  
n e a r  th e  core would red u ce  th e  number o f  e l e c t r o n s  a v a i l a b l e  to  
s lo w ly  moving p o s i t r o n s .  E xperim en ts  t o  d e te rm in e  th e  co m p ara tiv e  
and a b s o lu te  l i f e t i m e s  i n  v a r io u s  condensed  m a t e r i a l s  seemed 
im p o r ta n t .
The l i f e t i m e s  o f  p o s i t r o n s  i n  v a r io u s  m a t e r i a l s  may be com­
p a re d ,  by o b ta in in g  s e t s  o f  d e lay e d  c o in c id e n c e  c u rv e s  betw een  th e
22n u c le a r  y - r a y  o f  Ea and a n n i h i l a t i o n  r a d i a t i o n  f o r  any two o f  
th e  m a t e r i a l s  i n  s u c c e s s io n ;  ( s p u r io u s  Compton c o in c id e n c e s  b e in g  
m in im ise d ) ;  u s in g  th i s .m e th o d  ( c f .  F e rg u so n  and Lewis (1953) c f .  
p r e f a c e ) p o s i t r o n  l i f e t i m e  d i f f e r e n c e s  o f  l e s s  th a n  5 x  10“^ ^ s e c s .  
were i n d i c a t e d  f o r  th e  m e ta l s ,  aluminium»magnesium, and i r o n  compared 
t o  l e a d .  C e n tro id  s h i f t s  o f  2 x  l o ’"^ ^ s e c s .  f o r  m ica , wax and 
w a te r  r e l a t i v e  to  l e a d  i n d i c a t e d  a lo n g e r  p o s i t r o n  l i f e t i m e  i n  th e s e  
m a t e r i a l s .  R e fe ren ce  to o  sh o u ld  be made t o  th e  f u r t h e r  work o f  
de B e n e d e t t i  and R ic h in g s  (1 95 2 ), (o f .  I n t r o d u c t i o n  Ë3, i i i )  pub­
l i s h e d  i n  t h i s  f i e l d  i n  th e  m eanwhile.
Assuming a l l  th e  e l e c t r o n s  a re  a v a i l a b l e  i n  th e  m e ta l s ,  e q n . (10) 
would g iv e  th e  a b s o lu te  l i f e t i m e  v a lu e s  f o r  l e a d ,  alum inium , 
magnesium/
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magnesium and i r o n  a s  0 .6  x 10 , 1 .8  x  10*^^, 2 .7  x  lO " ^ ^ ’
0 .7  X 1 0 s ecs ,  r e s p e c t i v e l y .  I f  v a le n c y  e l e c t r o n s  o n ly  a re
-10 -10a v a i l a b l e  th e  a b s o lu te  l i f e t i m e s  c o u ld  be 10 x  10 , 8 x  10 ,
16 X 10 9 X 10 s e c s ,  r e s p e c t i v e l y .  As h a s  been  m entioned
in  8 3 ,  t h e r e  i s  ev id en c e  t h a t  th e  in nerm ost e l e c t r o n s  do n o t  
c o n t r i b u t e  t o  th e  slow  a n n i h i l a t i o n ,  o f  p o s i t r o n s .  Du Mond, L in d , 
and W atson (1951) examined th e  w id th  o f  th e  a n n i h i l a t i o n  l i n e  from  
p o s i t r o n s  a n n i h i l a t i n g  i n  co p p e r . The r e s u l t s  based  on D oppler 
b ro a d e n in g ,  s u g g e s te d  t h a t  o n ly  v a le n c y  e l e c t r o n s  p la y e d  an  e s s e n ­
t i a l  p a r t  i n  th e  p r o c e s s .  Assuming th e  p o s i t r o n  t o  be a lm ost a t  
r e s t  i n  th e  m e ta l ,  t h e y  deduced th e  e l e c t r o n  en e rg y  a t  a n n i h i l a t i o n  
a s  16 ev c o r re s p o n d in g  t o  th e  c o n d u c tio n  e l e c t r o n s .  C o n f irm a tio n  
o f  th e  dom inant r o l e  o f  th e  o u t e r  e l e c t r o n s  fo l lo w s  from  th e  a n g u la r  
c o r r e l a t i o n  e x p e r im e n ts  on th e  two y - r a y s  by De B e n e d e t t i ,  Cowan, 
Konneker and P r im a k o f f  (1950)f o r  i n s t a n c e ,  l e a d in g  to  s i m i l a r  
e l e c t r o n  e n e r g i e s .
I t  seemed p o s s i b l e  t h a t  th e  domain s t r u c t u r e  o f  i r o n  would 
produce a  s l i g h t l y  l o n g e r  p e r io d ,  s in c e  th e  d - s h e l l  e l e c t r o n s  would 
have t h e i r  i n t r i n s i c  s p in s  o r i e n t a t e d .  The f a c t  t h a t  i r o n  l i n e s  up 
w ith  th e  o th e r  m e ta l s  i n d i c a t e s  t h a t  th e  d - s h e l l  e l e c t r o n s  do no t 
d e c i s i v e l y  i n f lu e n c e  th e  a n n i h i l a t i o n  p r o c e s s .  T h is  a g a in  te n d s  t o  
s u p p o r t  th e  r o l e  o f  th e  v a le n c y  e l e c t r o n s .
I t  c o u ld  t h e r e f o r e  be t h a t  s i n g l e t  bound s t a t e s  a r e  form ed, o f  
l i f e t i m e  10“^ ^ s e c s ;  a t  any r a t e  th e  s im p le r  p ro c e s s  n e g le c t in g  
p o s i t r o n  e l e c t r o n  a t t r a c t i v e  f o r c e s  d id  no t f i t  th e  f a c t s .  The 
d e te r m in a t io n  o f  th e  a b s o lu te  tim e o f  a n n i h i l a t i o n  i n  th e  s o l i d  
s t a t e /
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S t a t e ,  a s  opposed t o  th e  com parlson  m ethods became t h e r e f o r e  a  
m a t t e r  o f  u rg e n c y .  E xper im en ts  to  de te rm in e  th e  a b s o lu te  decay 
t im e  a r e  d i s c u s s e d  i n  ( i i ) .
M eanw hile  a n o t h e r  l i n e  was i n v e s t i g a t e d .  The e x p e r i m e n t s  o n  
t h e  g a s e s  s u b s t a n t i a t e d  th e  e x i s t e n c e  o f  a  t r i p l e t  bound  s t a t e  i n  
g a s e s .  T h i s  i n d i c a t e d  t h e  p o s s i b i l i t y  o f  a  t r i p l e t  bound  s t a t e  i n  
c o n d e n s e d  m a t e r i a l s .  M o re o v e r  a s  d i s c u s s e d  above  t h e r e  was a  
p o s s i b i l i t y  o f  e x p l a i n i n g  t h e  tw o qu an tu m  e m i s s i o n  o f  t h e  m e t a l s  
by  s i n g l e t  p o s i t r o n i u m  f o r m a t i o n .  A s e a r c h  was t h e r e f o r e  made f o r  
a  s e c o n d  p e r i o d  i n  m e t a l s ,  p a r t i c u l a r l y  i n  i r o n ,  u s i n g  v a r i o u s  
r e s o l v i n g  t i m e s ,  an d  a l s o  w i t h  a  m a g n e t ic  f i e l d  a p p l i e d .  One 
c o u n t e r  a c c e p t e d  t h e  n u c l e a r  T - r a d i a t i o n ,  t h e  o t h e r  c o u l d  a c c e p t  
r a d i a t i o n  o f  t h e  c o n t i n u o u s  ty p e  f ro m  t r i p l e t  a n n i h i l a t i o n ,  i f  a n y .  
Wo d e l a y e d  c o i n c i d e n c e s  w ere o b t a i n e d  above  t h e  random  r a t e .
B e l l  a n d  G raham  (1 9 5 2 )  s e a r c h i n g  f o r  a  s i m i l a r  e f f e c t  r e p o r t e d  
t h e  e x i s t e n c e  o f  a  s e c o n d  p e r i o d  i n  some n o n  m e t a l s .  The e a r l i e r
m e a s u re m e n ts  on  n o n  m e t a l s  h e r e  h a d  n o t  b e e n  c o n t i n u e d  t o  t h e  Icmg
d e l a y s  n e c e s s a r y  f o r  d e t e r m i n a t i o n  o f  a  s e c o n d  p e r i o d .
The e x a m i n a t i o n  o f  t h e  s e c o n d  p e r i o d  i n  c e r t a i n  m a t e r i a l s  
seem ed d e s i r a b l e ,  t o  d e t e r m in e  i t s  d ep e n d e n c e  on  t h e  mode o f  p r e ­
p a r a t i o n  an d  t r e a t m e n t . ,  a l s o  t o  f i n d  o u t  i f  a n y  t h r e e  quan tum  
a n n i h i l a t i o n  c o u l d  be a s s o c i a t e d  w i t h  i t .  F o r  d i s t r e n e  ( c f .  
F e r g u s o n  an d  L e w is  (1 9 5 3 )  by  t h e  c o m p a r is o n  m e th o d ,  e q n s . ( 1 6 b )  
a n d  (1 6 c )  o f  8 1 g i v e  a b o u t  o f  t h e  p o s i t r o n s  a s s o c i a t e d  w i t h  a  
s e c o n d  p e r i o d  o f  2 . 5  x  lO ^ ^ s e c s .  R e s u l t s  o f  s i m i l a r  ty p e  have
b e e n  r e p o r t e d  by B e l l  an d  G raham  ( 1 9 5 3 ) .  I t  i s  o f  i n t e r e s t  t o
n o t e /
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n o te  t h a t  th e  amount o f  second p e r io d  decay  I s  v e ry  c lo s e  t o  t h a t  
found f o r  f r e o n  ( v i z . ,  2 5 ^ ) .  F o r  i n v e s t i g a t i n g  t h r e e  quantum 
a n n i h i l a t i o n ,  two m ethods a p p e a red  a p p r o p r i a t e  b o th  em ploying
.64Cu^^ a s  so u rc e .  The f i r s t  employs t h r e e  c o u n te r s ,  e . g . ,  a t  120° ,
o p e r a t in g  a slow  c o in c id e n c e  u n i t .  The second u t i l i s e s  two
c o u n te r s  a t  18 0° , abou t 20 ems. a p a r t ;  th e  change i n  th e  two
quantum c o in c id e n c e  r a t e s  when a n n i h i l a t i o n  o c c u rs  i n  d i s t r e n e
(
and in  a lum inium  b e in g  n o te d .  W ith th e s e  m ethods ( c f .  F e rg u so n  
and Lewis (1953)) sm a l l  e f f e c t s  were i n d i c a t e d ,  b u t  c e r t a i n l y  l e s s  
th a n  2^ o f  th e  a n n i h i l a t i o n  was t h r e e  quantum w ise .  T h is  r e s u l t  
i s  n o t  u n e x p e c te d .  The s h o r t  second p e r io d  compared w ith  th e  
u n d i s tu r b e d  t r i p l e t  decay  r a t e  o f  1 .4  z  10“ *^s e c .  i n d i c a t e s  t h a t  
abou t ^0 o f  t h r e e  quantum r a d i a t i o n  m igh t be e m i t te d .  (E x p e r im e n ts  
r e c e n t l y  r e p o r t e d  by Pond (1954) a c c o rd s  w ith  su ch  re a so n in g ^ o n ly  
a  few t r i p l e t  s t a t e s  s u rv iv e  t h e r e f o r e  i n  s h e l t e r e d  p la c e s  o f  th e  
l a t t i c e ) .  Of c o u rse  some t h r e e  quantum a n n i h i l a t i o n  shou ld  o c c u r  
on c o l l i s i o n  th e o r y  ( o f .  i n t r o d u c t i o n )  and r e f e r e n c e  can  be made 
i n  t h i s  c o n n e c t io n  t o  th e  s e a rc h e s  f o r  t r i p l e  c o in c id e n c e s  i n  
co p p e r  by R ich  (1951) and S tone (1 9 5 2 ) .
( i i )  A b so lu te  d e te r m in a t io n  o f  p o s i t r o n  l i f e t im e ^  a l l i e d  work.
As i n d i c a t e d  i n  8 1 ( iv )  th e  p o s i t i o n i n g  and form  o f  a 
r e s o l u t i o n  curve depends on th e  e n e r g i e s  o f  th e  p u l s e s  i n  th e  two 
c o u n te r s .  An example o f  t h i s  was g iv e n  i n  f i g .  27 . The above 
com parison m ethods i n  ( i )  have a l l  in v o lv e d  com parisons b ased  on
1 .2 8  Me7 -  0 .5 1  MeY c o in c id e n c e s .  To o b t a in  an  a b s o lu te  l i f e t i m e  
d e t e r m in a t io n /
Fig. 35
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Block diagram of apparatus. Full line shows basic apparatus. Dashed line 
shows later additions. C.l, 2—counters; A .l, 2, 3, 4—amplifiers; 
D .l, 2, 3—discriminators ; K—kicksorter ; 3-C—triple coincidence unit ; 
F—cathode follower; Gr—gate; d— 1 25 jusec delay line.
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d e te r m in a t io n  in v o lv e  s com parison  w i th  a source  o f  prompt o r 
n e a r l y  prompt e v e n ts  g e n e r a l l y  h a v in g  d i f f e r e n t  e n e r g i e s  from
1 .2 8  Mev and 0 .5  Mev. One p o s s ib l e  s ta n d a rd  in v o lv e s  th e  two 
a n n i h i l a t i o n  q u a n ta  from  Cu^*^. The most s u i t a b l e  com parison  
so u rce  a p p e a re d  t o  be Co^^ h av ing  y ••ray e n e r g ie s  o f  1 .1 7  and 
1 .33  MeV, ( n e a r  1 .2 8  Mev, on e i t h e r  s id e  o f  i t ) .  The y  Y 
c a s c a d e s  in v o lv e  two e l e c t r i c  q uad ru p o le  t r a n s i t i o n s  ( o f .  i n t r o ­
d u c t io n  and Ch. 3 ) .  The l i f e t i m e  o f  th e  i n t e r m e d ia te  s t a t e  in  
n i^ ^  ( o f .  i n t r o d u c t i o n  eq.n. (8)1 c o u ld  be ex p e c te d  t o  be l e s s  th a n  
10*^^060. The m easurem ents below i n d i c a t e  t h a t  i t  i s  i n  f a c t  l e s s  
th a n  a  few t im e s  10 ^ ^ s e c s .  (R e c e n t ly  Bay, H e n r i ,  and MoLemon
1 T 2 2(1954) have r e p o r t e d  i t  l e s s  t h a n  10" s e c .  ) .  The y  l i f e t i m e
can a l s o  be e x p e c te d  to  be s h o r t e r  th a n  10 ^ ^ s e c ,  i f  i t  be d ip o le
o r  e l e c t r i c  q u ad ru p o le .  A h ig h e r  o r d e r  t r a n s i t i o n  would be
ex p e c te d  t o  show a  l i f e t i m e  r e a d i l y  d e t e c t a b l e .  The com parison
00 ( w ith  Co sh o u ld  l e a d  to  th e  a n n i h i l a t i o n  tim e o f  a  p o s i t r o n  ( o f .
F e rg u so n  and l e w i s  (1 9 5 3 )) .  The mean p u ls e  h e ig h t  d i s t r i b u t i o n
00  22 from  th e  two Co r a d i a t i o n s  and from  th e  1 .2 8  MeV y  - r a y  o f  Ha
cou ld  be e x p e c te d  t o  be s i m i l a r .  T h is  was shown t o  be th e  case
w ith  th e  1” diam. 1” long  s c i n t i l l a t o r  o f  t e r p h e n y l  i n  to lu e n e ,  in
th e  p u ls e  ene rgy  ra n g e  p assed  by th e  s id e  ch an n e l d i s c r i m i n a t o r  
co ncern ed . I n  th e  o th e r  ch an n e l i t  i s  th e n  n e c e s s a ry  t o  s e l e c t  
o n ly  a narrow  range  o f  p u l s e s .
The f u l l  a p p a ra tu s  i s  shown i n  f i g .  3 5 , E s s e n t i a l l y  i t  im plies 
k i c k s o r t i n g  a f t e r  m ix ing . The a rran g em en t b e a r s  some r e l a t i o n  to  
t h a t  u se d  i n  f i g .  2 6 , w ith  th e  k i c k s o r t e r  f u l f i l l i n g  a  d i f f e r e n t  
p u rp o s e /
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P u ls e  Helprht.
F ig ,  36. P u lse  h e ig h t  d i s t r i h u t i o n s  due on th e  one 
h â i id (x - )  t o  th e  Y- r a y  o f  and th e  a n n i h i l a t i o n
r a d i a t i o n  o f  i t s  p o s i t r o n s  i n  alum inium , and on the 
o t h e r  hand  ( o - ) t o  th e  T - ra y s  o f  Co^^.The k i c k s o r t e r  
s e t t i n g  i s  i n d i c a t e d .
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X  1*28 Mev y-ray of ^^Na and 511 kev annihilation radiation from
aluminium.
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p u r p o s e .  The m e th o d  o f  t a k i n g  r e s o l u t i o n  c u r v e s  i s  e s s e n t i a l l y  
r e l a t e d  t o  t h a t  u s e d  i n  o b t a i n i n g  f i g .  2 7 ,  an d  i n  t h i s  r e s p e c t
s te m s  f ro m  t h i s  e a r l i e r  w ork. C o u n te r  C^  ^ c a n  h a n d le  i n  t u r n  t h e
22 60 n u c l e a r  T - r a y  o f  E a  , o r  e i t h e r  o f  t h e  Y - r a y s  o f  Co , C o u n t e r
Cg r e c e i v e d  e i t h e r  t h e  ^  MeY r a d i a t i o n  f ro m  t h e  a n n i h i l a t i n g  p o s l -
22 60 t r o n s  o f  Ea , o r  t h e  o t h e r  o f  t h e  Y r a y s  o f  Co , a t  a  c o i n c i d e n c e .
O nly  t h o s e  c o u n t s  f ro m  th e  t r i p l e  u n i t  w h ich  c o r r e s p o n d  t o  a
s e l e c t e d  n a r r o w  r a n g e  o f  e l e c t r o n  p u l s e s  i n  C a r e  r e c o r d e d  i n  t h e
s c a l e r  s y s te m  l i n k e d  w i t h  t h e  K i c k s o r t e r  c h a n n e l .  T h i s  b an d  w as
p o s i t i o n e d  w h e re  t h e  p u l s e  h e i g h t  d i s t r i b u t i o n s  a s s o c i a t e d  w i t h  t h e  
60
f  MeV and  Co Y - r a y s  w ere b o th  f a i r l y  f l a t .  F i g .  36  shows t h e
s p e c t r a  and  t h e  a p p r o x im a te  c h a n n e l  s e t t i n g .  The p u l s e s  f e d  t o  t h e
K i c k s o r t e r  w ere  o f  o r d e r  1 0 * " s e e s ,  d u r a t i o n  h e r e .  So a  d e l a y  o f
o r d e r  1 |jl.s . was i n s e r t e d  by u s i n g  Z.14M c a b l e  a p p r o p r i a t e l y
t e r m i n a t e d ,  so  t h a t  t h e  p u l s e s  m ig h t  c o i n c i d e  w i t h  t h e  o p e n in g  o f
t h e  K i c k s o r t e r  g a t e  a c t i v a t e d  by t h e  t r i p l e  u n i t  o u t p u t .
The t h i n  Ka^^ s o u r c e  o f  w e ig h t  ^ 1  mgm/sq.. cm .^  m o u n ted  o n
60a lu m in iu m  was p l a c e d  b e tw e e n  a lu m in iu m  p l a t e s .  The Co s o u r c e  was 
o f  much th e  same s t r e n g t h .  F i g .  37 s h o w s .a  s e t  o f  d e l a y e d  c o in c id e n c e  
c u r v e s  t a k e n  w i t h  t h e  two s o u r c e s  i n  t u r n .  S e v e r a l  r u n s ,  i n  s u c c e s s ­
i o n ,  w ere  m ade. E a c h  p a i r  o f  c u r v e s  t o o k  a b o u t  tw o h o u r s  w i th  
c o u n t i n g  r a t e s  o f  a  few  h u n d re d  p e r  m in u te  a t  p e a k .  E r r o r s  w ere  
m a in ly  due t o  p o s s i b l e  e n e rg y  d r i f t s  o f  t h e  s i d e  c h a n n e l s .  The 
c e n t r o i d  s h i f t  o b t a i n e d  f ro m  t h i s  and  a n a lo g o u s  a r r a n g e m e n t s  was 
( 1 . 6 +  0 .6 )%  1 0 " ^ ^ s e c .  I t  s h o u ld  be n o t e d  t h a t  e i t h e r  Y - r a y  f ro m  
Co^^ ( u n l i k e  Ka^ ) c a n ' a c t i v a t e  e i t h e r  c o u n t e r  f i r s t .  The c u rv e  
f o r /
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f o r  Co i s  i n  f a c t  t h e  sum o f  two r e s o l u t i o n  c u r v e s .  The c e n t r o i d  
s h i f t  o f  f i g .  37 i s  n o t  t h e n  a  f u n c t i o n ,  t o  a  f i r s t  o r d e r ,  o f  t h e  
K i  l i f e t i m e ;  h o w e v e r  b e c a u s e  t h e  c u r v e s ^ ^ l i e ^ c l o s e l y  a t  t h e
A ^
l a r g e r  n e g a t i v e  d e l a y s ,  t h e  l i f e t i m e  o f  Go i s  s e e n  t o  be 
e x t r e m e l y  s m a l l .  B e a r i n g  i n  m ind  t h e  e a r l i e r  r e m a rk s  o n  H a ^ j  t h e  
p o s i t r o n  l i f e t i m e  i n  a lu m in iu m  i s  t h e r e f o r e  ( 1 . 6  ±  0 . 6 )x  10" ^ ^ s e o .  
T h i s  a g r e e s  w e l l  w i t h  t h e  v a l u e  o b t a i n e d  by  B e l l  and  G raham  ( 1 9 5 3 ) ,  
( 1 . 5 +  0 . 3  )x  10 ^ ^ s e c .  u s i n g  a  d i f f e r e n t  m e th o d .  ( M in to n  (1 9 5 4 )  h a s  
r e p o r t e d  i n  a n  a b s t r a c t  a  v a l u e  o f  ( 2 . 9  + 0 . 3 )x  1 0 “ ^ ^ s e c .  )
I t  f o l l o w s  f ro m  t h e s e  m e a s u re m e n ts  t h a t  t h e  a b s o l u t e  t im e  i n  
m o st m a t e r i a l s  i n v e s t i g a t e d  p a r t i c u l a r l y  t h e  m e t a l s  i s  v e r y  s h o r t .  
I t  w ould  a p p e a r  t h a t  c a p t u r e  o f  t h e  p o s i t r o n  by  t h e  e l e c t r o n ,  o r  
a t  l e a s t  d i s t o r t i o n  o f  t h e  wave f u n c t i o n  somewhat a n a lo g o u s  t o  
c a p t u r e ,  c a n  o c c u r  ( c f .  t o o  § 2 ) .  The t im e  p e r i o d  i n  t h e  m e t a l s  
i s  c e r t a i n l y  c l o s e  t o  t h a t  p r e d i c t e d  f o r  t h e  s i n g l e t  s t a t e .
The ab o v e  m e th o d  c o u l d  be r e a d i l y  e x t e n d e d  t o  d e t e r m in e  l i f e ­
t i m e s  i n  r  c a s c a d e s  o r  a l l i e d  p r o c e s s e s ,  f o r  i n s t a n c e  e m p lo y in g  
tw o  a n n i h i l a t i o n  ^  MeY y  r a d i a t i o n s  a s  p ro m p t s t a n d a r d .  A b an d  o f  
e n e r g i e s  w o u ld  be  s e l e c t e d  f ro m  c o u n t e r  1 a l s o .  W ith  t h e  
p a r t i c u l a r  c a th o d e  r a y  tu b e  t y p e  o f  K i c k s o r t e r  u s e d  h e r e  t h i s  
a f f o r d s  no d i f f i c u l t y  f o r  p u l s e s  f ro m  c h a n n e l s  1 and  2 c a n  be 
a s s o c i a t e d  w i t h  X an d  Y d e f l e c t i o n s  o n  t h e  tu b e  f a c e .  T h ese  p u l s e s  
a r e  b r i g h t e n e d  a t  a  f a s t  c o i n c i d e n c e ,  t h e  o u t p u t  s c a l e r  b e i n g  
a s s o c i a t e d  w i t h  a  r e q .u i r e d  r e g i o n  o f  t h e  XY p l a n e  o f  t h e  t u b e .
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RAYS OF Co
I n  th e  w ork  o f  t h e  p r e v i o u s  c h a p t e r ,  t h e  a n g u l a r  c o r r e l a t i o n  
b e tw e e n  th e  s im u l t a n e o u s  Y - r a y s  e m i t t e d  h a s  b e e n  a  d o m in a n t  
f e a t u r e .  The w ork  i n  t h i s  c h a p t e r  r e f e r s  t o  c o r r e l a t i o n s  b e tw e e n  
s u c c e s s i v e  Y - r a y s  f ro m  a  n u c l e u s .
The t h e o r e t i c a l  b a s i s  u n d e r l y i n g  d o u b le  c a s c a d e  p r o c e s s e s  h a s  
b e e n  r e f e r r e d  t o  i n  t h e  i n t r o d u c t i o n .  As m e n t io n e d  t h e r e  t o  
i n v e s t i g a t e  t h e  e x p e r i m e n t a l  m e th o d ,  w ork  o f  a n  a p p r o x im a te  n a t u r e  
o n  was c a r r i e d  o u t  i n  t h e  f i r s t  i n s t a n c e .
I n  t h i s  e x p e r im e n t  s i n g l e  c r y s t a l s  o f  n a p h t h a l e n e - a n t h r a c e n e , 
c o n t a i n i n g  a b o u t  5 ^  o f  a n t h r a c e n e  w ere u s e d  a s  d e t e c t o r s ,  E” d iam .
X 1-^ ” t h i c k ! I n  t h e  m ak ing  o f  t h e s e  t h e  a u t h o r  w i s h e s  t o  a c k n o w le d g e  
some a s s i s t a n c e  f ro m  M r. F .  A. B l a c k ) .  E a c h  c r y s t a l  was p a c k e d  i n  
m agnes ium  o x id e  an d  m o u n ted  o n  1** c a th o d e  E .M . I .  t u b e s  u s i n g  a  ÿ  
l e n g t h  o f  p e r s p e x  c y l i n d e r  a s  j u n c t i o n .  A t t h e  t im e  i n  q u e s t i o n  
( o f .  i n t r o d u c t i o n  § 4  i i ) 2” c a th o d e  t u b e s  an d  e f f i c i e n t  l i q u i d  
s c i n t i l l a t o r s  h a d  n o t  b e e n  d e v e lo p e d .  To g u a r d  a g a i n s t  s p u r i o u s  
s c a t t e r i n g  p a r t i c u l a r l y  n e a r  t h e  90° p o s i t i o n  o f  t h e  c o u n t e r s ,  ( c f .  
B ra d y  an d  D e u t s c h ,  1 9 4 7 ,  1 9 4 8 ) ,  some l e a d  s h i e l d i n g  l / 3 2 ” t h i c k  
was p l a c e d  a r o u n d  t h e  s i d e s ,  an d  a  d i s c  o n  t h e  o u t e r  f a c e  o f  
t h e  c r y s t a l s ,  an d  t h e  d i s c r i m i n a t o r s  em p lo y ed  s e t  a p p r o p r i a t e l y .
The c o u n t e r s  w ere r a i s e d  above t h e  t a b l e  l e v e l  u s i n g  l i g h t  s u p p o r t s .  
The c y l i n d r i c a l  s u r f a c e s  o f  t h e  c r y s t a l s  f a c e d  th e  s o u r c e  o f  c o b a l t ,  
w h ic h /
Æ ' ' ......... - D
F i g ,  3 8 .  Y-Y a n g u l a r  c o r r e l a t i o n .
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w h ic h  was i n  t h e  fo rm  o f  m e t a l  o f  a h o u t  4* sq.. mm, p l a c e d  s l i g h t l y  
b e lo w  t h e  c e n t r e  o f  t h e  c r y s t a l s  t o  r e d u c e  ^ a b s o r p t i o n  e f f e c t s .  The 
c r y s t a l s  w ere s i t u a t e d  w i t h  t h e i r  c e n t r e s  6^  f r o m  t h e  s o u r c e ;  one 
c o u n t e r  was k e p t  f i x e d  and t h e  o t h e r  c o u ld  be r o t a t e d  a b o u t  t h e  
s o u r c e ,  a t  a  f i x e d  d i s t a n c e  f ro m  i t ,  w i t h  a  c o n s t a n t  o r i e n t a t i o n .  
The Y ^ r a y s  o f  1 .1 7  and  1.33 MeV c o u l d  a c t i v a t e  e i t h e r  c o u n t e r .
The r e s o l v i n g  t im e  u s e d  was 1 0 ~ ^ s e c .
I t  i s  n e c e s s a r y  t o  d i s c u s s  t h e  c o i n c i d e n c e  r a t e s  r e c o r d e d  i n  
t h e  tw o c o u n t e r s ,  when t h e  tw o y - r a y s  a r e  n o t  d i s t i n g u i s h e d .  L e t  
f i g .  38  r e p r e s e n t  t h e  c o n d i t i o n s  w i t h  a  p o i n t  s o u r c e .  S uppose  t h e  
s o u r c e  h av e  H d i s i n t e g r a t i o n s  p e r  s e c o n d .  L e t  t h e  c e n t r e s  o f  
c r y s t a l s  A a n d  B be d i s t a n t  r e s p e c t i v e l y  r ^  a n d  r g  f ro m  t h e  
p o i n t  s o u r c e .  T hen  t h e  mean c o u n t i n g  r a t e  p e r  s e c o n d  i n  A due t o  
one o f  t h e  r a d i a t i o n s  Y l  w i l l  b e :
w here  -A i s  t h e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  c r y s t a l  A^and A a n  
e f f i c i e n c y  f a c t o r  ( s l o w l y  v a r y i n g  w i t h  r^^ ) .  L e t  ^ A ^ ^ b e  a  s i m i l a r  
e f f i c i e n c y  f a c t o r  f o r  t h e  o t h e r  r a d i a t i o n  2 i n  t h e  c r y s t a l  A.
L e t  ^B^^ be t h e  f a c t o r s  f o r  ^  1 ,  2 ,  i n  t h e  c r y s t a l  B.
T hen  th e  c o u n t i n g  r a t e  i n  A w i l l  be p e r  s e c o n d ,  an d  i n  B w i l l  
be p e r  s e c o n d ,  w here  : -
I f  t h e  v a r i a t i o n  o f  t h e  a n g u l a r  c o r r e l a t i o n  f u n c t i o n  f  = f  (e ) o v e r  
t h e  s o l i d  a n g l e  o f  t h e  c o u n t e r  be  n e g l e c t e d ,  a t  l e a s t  i n  t h e  f i r s t  
i n s t a n c e ,  t h e  c o i n c i d e n c e  r a t e  B c / s e o  i s  t h e n  g i v e n  b y :
I 10 -
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T h u s  L -s K/ . IVt ,
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F o r  e x a c t  c o n c e n t r i c i t y  ^  ^/c. IV (!i<k)
V  p\ ' N"ii
F u r th e r m o r e  f  / v a r i e s  o n l y  s lo w l y  w i t h  r ^ ,  r ^ .
T h e se  c o n c l u s i o n s  w i l l  be g e n e r a l i s e d  i n  § 2 an d  w i l l  be - r e q u i r e d  
l a t e r .
(More a c c u r a t e l y  e x p r e s s i n g  f (  6 ) a s  a  sum o f  L e g e n d re  p o ly n o m i a l s  
f ( e  ) = a n  , Pn(cL«rvS ) ,  t h e  v a r i a t i o n  o f  f  { 0 ) o v e r  t h e
s o l i d  a n g l e  c a n  be a l lo w e d  f o r  ( c f .  R ose  (1953)). F o r  c r y s t a l s  
s y m m e tr ic  a b o u t  t h e  l i n e s  j o i n i n g  t h e i r  c e n t r e s  t o  t h e  s o u r c e ,  e q n .
(1 9 b )  i s  r e p l a c e d  b y :  ^
. 3 -  ■ z  ' 2  ou_.
w h ere  E, , b ^ ,  v a r y  o n ly  s lo w ly  w i t h  r ^ ,  i*b; a n d  d e p e n d  o n  th e  
s i z e s  a n d  a b s o r p t i o n  c o e f f i c i e n t s  o f  t h e  c r y s t a l s ,  a n d  bn  — 1 f o r  
s m a l l  c r y s t a l s ♦ ( 1 9 d )  i s  r e p l a c e d  b y :
T h ese  c o r r e c t i o n s  a r e  r e f e r r e d  t o  i n . i  2 l a t e r ) .
The f u n c t i o n  f  g i v e n  by  e q n .  (1 9 d )  was d e t e r m i n e d  e x p e r i m e n t ­
a l l y .  M ak ing  no  c o r r e c t i o n  f o r  s o l i d  a n g l e  e f f e c t s ,  p r e l i m i n a r y  
m e a s u re m e n ts  i n d i c a t e d  a n  a n i s o t r o p y  r a t i o  a t  1 8 0 °  t o  90® o f  1 .1 4  
+ . 0 4 ;  f u r t h e r  r e s u l t s  a r e  shown i n  f i g .  3 9 .  The p l o t t e d  f u n c t i o n
j ^ l e )  ^  -+-L1 I g T^lh
ftOC o r r e s p o n d in g  t o  a  4-Q-^E-Q-O t r a n s i t i o n .  T a k in g  t h e  s p i n  o f  H i 
a s  z e r o ,  an d  t h e  r a d i a t i o n s  t o  be p u r e  d i p o l e  o r  q u a d r u p o l e , no 
o t h e r /
— 88 —
o t h e r  t r a n s i t i o n  i s  c o m p a t i b l e  w i th  t h e  r e s u l t s .  T h i s  a g r e e s  w i t h  
t h e  f i n d i n g s  o f  B ra d y  an d  B e u t s c h  (1 9 4 7 ,  1948] an d  o t h e r s .
§ 2 4B&ÜLAR COBBELAIIOK OF T-BATS IN ÏEE
f i l l  + p  REACTION.
( i )  n a t u r e  o f  t h e  p r o b le m ,  a n d  p r e l i m i n a r y  c o n s i d e r a t i o n s .
11 12The B ( p,Y )C r e a c t i o n  i s  one o f  t h e  m o st s u i t a b l e  
r e a c t i o n s  f o r  t h e  s t u d y  o f  Y - r a y  a n g u l a r  c o r r e l a t i o n s .  F u r t h e r ­
more a t  t h e  t im e  o f  t h e  i n v e s t i g a t i o n  o n l y  v e r y  l i t t l e  i n f o r m a t i o n  
e x i s t e d  on  t h e  s p a t i a l  d i s t r i b u t i o h  o f  t h e  T - r a d i a t i o n s .
Y - r a y s  o f  a p p r o x i m a t e l y  4 ,  1 2 ,  16 MeV h a d  b e e n  o b s e r v e d  by 
F o w l e r ,  G a e r t t n e r ^  a n d  l a u r i t s e n  (1 9 3 8 )  u s i n g  900 KeV p r o t o n s  w i t h  
a  t h i c k  t a r g e t ;  ( o f .  t o o  W a lk e r  ( 1 9 5 0 )} .  The e n e r g y  m e a s u re m e n ts  
s u g g e s t e d  t h a t  t h e  4 a n d  12 MeV. r a d i a t i o n s  w ere  e m i t t e d  i n  
c a s c a d e ,  an d  t h a t  t h e  16 MeV. r a d i a t i o n  was e m i t t e d  i n  p a r a l l e l .  
F u r th e rm o re  t h e  e n e r g y  o f  t h e  i n t e r m e d i a t e  s t a t e  i n v o l v e d  was 
a p p a r e n t l y ,  more e x a c t l y ,  4 . 4  MeV above t h e  g ro u n d  s t a t e .   ^ T h i s  
s t a t e  c o u ld  s e e m in g ly  a l s o  be r e a c h e d  b y  o t h e r  r e a c t i o n s  ( o f .  f o r  
i n s t a n c e  T e r r e l l  ( 1 9 5 0 ) ) .  The lo w e s t  r e s o n a n c e  l i e s  a t  162 KeV 
a n d  i s  n a r ro w  ( o f . ,  e . g . , M o r r i s h  ( 1 9 4 9 ) ) .  T h e re  a r e  a l s o  v e r y  
b r o a d  h i g h e r  r e s o n a n c e s .  They a r e  now b e l i e v e d  t o  e x i s t  a t  670 
ZeV an d  1370 KeV ( c f .  Huus an d  B ay ( 1 9 5 2 ) ) .
J a c o b s ,  M a lm b erg , an d  W ahl (1 9 4 8 )  r e p o r t e d  o b s e r v a t i o n s  on 
t h e  a n g u l a r  d i s t r i b u t i o n s  o f  t h e  y -^ ^ ay s  j u s t  above  t h e  l o w e s t  
r e s o n a n c e .  A 1 0 ^  a s s y m e t r y  was b e l i e v e d  a  b e t t e r  f i t  t h a n  i s o t r o p y .  
F u r t h e r  w ork was r e p o r t e d  b y  K e r n ,  Moak, Good, and  R o b in s o n  (1 9 5 1 ) .  
T h e /
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The IE MeV y - r a y  d i s t r i b u t i o n  was g i v e n  a s  a b o u t  (1 + 0 .1 5 c o s ^ ^ ) , 0^ 
b e i n g  th e  a n g l e  made w i t h  t h e  i n c i d e n t  beam d i r e c t i o n ;  t h e  16 MeV 
r  - r a y  was g i v e n  a s  i s o t r o p i c ,  t h e  p o s s i b l e  e r r o r  b e i n g  maybe 
more t h a n  1 0 ^ .  The b o m b a rd in g  e n e r g y  was n o t  g i v e n  b u t  a  f i g u r e  
o f  £00 KeV i s  m e n t io n e d  by  A jz e n b e r g  an d  L a u r i t s e n  (1 9 5 2 )  i n  a  
l a t e r  r e v ie w  a r t i c l e .
T h e re  a r e  many w ays i n  w h ich  a n  a n g u l a r  c o r r e l a t i o n  c a n  be 
c a r r i e d  o u t  i n  a  r e a c t i o n  i n i t i a t e d  by p a r t i c l e  c a p t u r e .  I t  was 
d e c i d e d  t o  i n v e s t i g a t e  t h e  a n g u l a r  c o r r e l a t i o n  when t h e  d i r e c t i o n s  
o f  t h e  Y - r a y s  made t h e  same f i x e d  a n g le  w i t h  t h e  i n c i d e n t  p r o t o n  
beam , t h i s  a n g l e  b e i n g  a s  n e a r  t o  90® a s  th e  e x p e r i m e n t a l  a r r a n g e ­
m ent w ou ld  c o n v e n i e n t l y  a l l o w  ( i t  was a c t u a l l y  1 0 0 ° ) .  The 
c o r r e l a t i o n  f u n c t i o n  was t h e n  d e p e n d e n t  on  t h e  a z i m u t h a l  a n g le  
b e tw e e n  t h e  two Y - r à y  d i r e c t i o n s .  T h e re  was no n e c e s s i t y  t h e n  
f ro m  t h i s  v i e w p o i n t  o f  d i s t i n g u i s h i n g  one Y - r a y  f ro m  t h e  o t h e r ,  
an d  no  d i s t i n c t i o n  was i n  f a c t  m ade. The c o i n c i d e n c e  c o u n t i n g  r a t e  
w as t h e n  h i g h e r  t h a n  i t  w ou ld  be o t h e r w i s e ,  t h i s  was v e r y  d e s i r a b l e  
i n  v ie w  o f  t h e  low  Y - r a y  y i e l d  a t  t h e  lo w e r  s e t  v o l t a g e s  i n v o l v e d ,  
a n d  p a r t i c u l a r l y  w i t h  t h e  c r y s t a l s  a v a i l a b l e  a t  t h e  t im e  o f  t h i s  
e x p e r i m e n t .  (On t h e  o t h e r  h an d  d i s c r i m i n a t i o n  a g a i n s t  p o s s i b l e  
s c a t t e r i n g  was p o o r e r  w i t h o u t  e n e r g y  s e l e c t i o n ) .
I t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  c o i n c i d e n c e  c o u n t i n g  r a t e  due 
t o  two r a d i a t i o n s  '^ 1 , T g , i n  c a s c a d e  when a  t h i r d  r a d i a t i o n  y ^ i s  
a l s o  p r e s e n t ,  and  t o  e x t e n d  a p p r o p r i a t e l y  eq.n. ( 1 9 c ) .  S u p p o se  t h a t  
( k / l + k  I d e n o te  t h e  f u n c t i o n  o f  d i s i n t e g r a t i o n s  r e s u l t i n g  i n  t h e  
p r o d u c t i o n  o f  t h e  r a d i a t i o n  Y 3 ( T h i s  f a c t o r  K a p p r o p r i a t e  t o  t h e  
1 6 /
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16 Me? r a d i a t i o n  n e a r  th e  lo w es t  r e s o u r c e  was b e l i e v e d  t o  be 
sm a ll  ( o f .  F o w le r ,  G a e r t t n e r ,  and L a u r i t s e n  (1938)}*and i n  f a c t  
i s  so ,
L e t t i n g  be th e  e f f i o i e n o y  f a c t o r s  f o r  t h i s
r a d i a t i o n  and u s in g  th e  o t h e r  sym bols in t ro d u c e d  i n  § 1 , th e  
c o in c id e n c e  r a t e  can  be deduced a s  b e f o re .  I f  th e  v a r i a t i o n  in  
f  o v e r  th e  s o l i d  a n g le  be n e g le c te d  ( th e  e x te n s io n  can  be 
exam ined a s  b e f o r e } ;
where th e  e x p r e s s io n  in v o lv in g  th e  e f f i c i e n c y  f a c t o r  i s  o n ly  a  
s lo w ly  v a r y in g  f u n c t i o n  o f  g eo m etry .
F o r  a change i n  p o s i t i o n  o f  th e  s o u rc e ,  e . g .  , where and
r» a l t e r ,  th e  main s o l i d  a n g le  f a c t o r s  —-—-, and —L, a re  n o t
 ^ UrrTf^  ^ UirreP-
in v o lv e d .  Only th e  slow v a r i a t i o n s  in  th e  e f f i c i e n c y  f a c t o r s  
produce  e r r o r .  F u r t h e r  K h a s  no s i g n i f i c a n c e  i n  th e s e  m easu re ­
m en ts . The g e o m e t r ic a l  a r ran g em en t o f  an  a n g u la r  c o r r e l a t i o n  
ex p e r im e n t  t h e r e f o r e  d i f f e r s  a p p r e c ia b ly  from  t h a t  o f  an  a n g u la r  
d i s t r i b u t i o n  m easurem ent. I n  th e  a n g u la r  c o r r e l a t i o n  e x p e r im e n ts  
on th e  b o ro n  r e a c t i o n s ,  p r o to n  beams, u n d e r  th e  b e s t  w orking c o n ­
d i t i o n s ,  o f  ^  50 had  to  be u s e d  to  g e n e r a te  th e  y - r a y  f l u x  
n e c e s s a r y  f o r  th e  c o in c id e n c e  m easu rem en ts , and a p e r t u r e s  o f  
o r d e r  -  ÿ  diam. had to  be employed. F o r  an  a n g u la r  d i s t r i b u  
t i o n  e x p e r im e n t  on th e  o t h e r  hand a  v e r y  f i n e  s l i t ,  and 
em p h asis  on c o n c e n t r i c i t y ,  a r e  v i t a l .
( i i )  E x p e r im e n ta l  a rran g em en t and p ro c e d u re .
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cP ig  .4 0 a .  E x p e r im e n ta l  a rran g em en t;  C - c r y s t a l ,  
M - n n i l t i p l i e r ,P - t r a c k ,p -  p r o t o n  beam , T - t a r g e t ,  
A -a p e r tu rc  p l a t e .
F ig .  40b T r i p l e  ca scad e  geom etry  
I n  th e  e x p e r im e n ta l  a r ran g em en t 
91=92 .A z im u th a l  a n g le  q> i s  
I (<PX ~ 9g)| .A ng le  be tw een  th e  
c o u n te r s  may be w r i t t e n  8 %zxrII
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The t a r g e t  and c o u n t in g  a r ran g em en ts  a r e  i l l u s t r a t e d  i n  
f i g .  40 a . The beam o f  p r o to n s  a f t e r  d e f l e c t i o n  by a  m agne tic  
f i e l d  t r a v e l l e d  down a  1” diam. cop per tu b e  BA o f  l e n g th  2 4 " ,  
i n  an a p p ro x im a te ly  f i e l d  f r e e  space b e fo re  s t r i k i n g  th e  a p e r t u r e  
p l a t e  a t  A, w hich was w a te r  c o o le d .  The a p e r t u r e  d ia m e te r s  u s e d  
were i n i t i a l l y  and -J" l a t e r .  The beam tu b e  below t h i s  was 5" 
long  and 1" d i a m . , o f  l /3 2 "  co p p e r .  The t a r g e t  T p r o j e c t e d  in t o  
t h i s  abou t 1 " ,  th e  t a r g e t  b ack in g  was o f  1 /32" c o p p e r ,  co o led  by 
w a te r  b e n e a th .  I t  was d e s i r a b l e  t o  keep th e  d i s t a n c e  betw een th e  
a p e r tu r e  p l a t e  A and th e  t a r g e t  T s h o r t  t o  p re v e n t  beam s p re a d ,  
p o s s i b l e  s c a t t e r i n g  from  th e  r e g io n  o f  the  a p e r tu r e  p l a t e  had 
however a l s o  t o  be c o n s id e r e d .  The t a r g e t  and i t s  m ounting  were 
i n s u l a t e d  from  th e  beam tu b e  so t h a t  l a t e r  th e  beam c o u ld  be found 
and p o s i t i o n e d .  The two co p p er  tu b e s  were a l ig n e d  and th e  a p e r t u r e  
c e n t r a l i s e d ;  i t  was co n v e n ie n t  t o  c e n t r e  th e  t a r g e t  b ac k in g  
p o s i t i o n  a l s o .
The c o u n te r s  t r a v e l l e d  on a r a i s e d  c i r c u l a r  a lum inium  t r a c k ,  
which c o u ld  be r i g i d l y  s e t  i n  th e  c r o s s  s e c t i o n a l  p la n e  o f  th e  main 
beam tu b e s  w ith  i t s  c e n t r e  on th e  common a x i s  o f  th e  beam tu b e s .
The c o u n te r s  co u ld  th e n  s l i d e  on t h i s  t r a c k  a t  a c o n s ta n t  i n c l i n a ­
t i o n  t o  th e  c r o s s  s e c t i o n a l  p la n e .  The s c i n t i l l a t i o n  c r y s t a l s  o f  
th e  c o u n te r s  t h e n  rem ained  a t  a  f i x e d  d i s t a n c e  from th e  t a r g e t  
c e n t r e  and in  a  f i x e d  o r i e n t a t i o n  to  i t  a s  th e  c o u n te r  moved around 
th e  t r a c k .  I n  ea c h  s e t  o f  ru n s  one o f  th e  c o u n te r s  was clam ped i n
p o s i t i o n ,  and th e  p o s i t i o n  o f  th e  o t h e r  o n ly  v a r i e d .  The a z im u th a l
(D
an g le^b e tw een  th e  two c o u n te r s  was v a r i e d  between 90° and  180°
( c f .  P ig .  4 0 b ) . 
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Each s c i n t i l l a t o r  c o n s i s t e d  o f  a  t h a l l i u m  a c t i v a t e d  sodium 
io d id e  b lo c k ,  d iam . z  1^" lo n g  m ounted i n  p a r a f f i n  i n  a  p e rsp e x  
c o n t a i n e r ,  su r ro u n d e d  by a lum in ium fo il a s  r e f l e c t o r .  E .M .I .  m u l t i ­
p l i e r s  were u s e d .  The c r y s t a l  b lo c k s  had t h e i r  l e a d in g  f a c e s  S" 
from  th e  t a r g e t  c e n t r e .  The c o u n te r s  were t i l t e d  a t  a  l i t t l e  o v e r  
5^ t o  th e  c r o s s  s e c t i o n a l  p la n e  o f  th e  beam tu be  w i th  th e  lo w es t  
p o i n t s  o f  th e  c r y s t a l  l e v e l  w ith  th e  t a r g e t  a s  shown i n  th e  f i g u r e  
so t h a t  th e  r  - r a y s  o b se rv e d  d id  n o t  t r a v e l  th ro u g h  th e  t a r g e t  
b a c k in g . The l i n e s  j o in in g  th e  c r y s t a l  c e n t r e s  to  th e  t a r g e t  
c e n t r e  made t h e r e f o r e  ab o u t 100® w i th  th e  beam d i r e c t i o n .
A m p lif ied  p u l s e s  a c t i v a t e d  d i s c i m in a to r s  which c o u ld  o p e ra te  
a  c o in c id e n c e  u n i t  o f  r e s o lv in g  t im e  0 .7  |jl s e c .  The p u l s e s  were 
l e d  th ro u g h  a p p r o p r i a t e  c a b le s  g iv in g  a  r e l a t i v e  d e la y  o f  |x s e c s  
t o  a  s i m i l a r  u n i t  m easu r in g  random c o in c id e n c e s .  The t r u e  c o in ­
c id en ce  r a t e  c o u ld  be fou nd . (The u s e  o f  a  c o in c id e n c e  u n i t  o f  
f a s t e r  r e s o lv in g  tim e u s in g  l a r g e  c r y s t a l s  o f  a n th ra c e n e  n a p h th a ­
le n e  m ix tu re s  had been  co n tem p la ted  b u t  i t  o f f e r e d  no a d v a n ta g e s  
a t  low p ro to n  e n e r g i e s  and was n o t  employed i n  th e s e  m easu rem en ts ) .  
The s in g l e  c o u n t in g  r a t e s  had t o  be m easured  a t  th e  same t im e ,  and 
g e n e r a l l y  r e q u i r e d  f a s t  s c a l i n g  u n i t s  o r  t h e i r  e q u i v a l e n t .  A 
m o n ito r  c o u n te r  had a l s o  to  be em ployed. T h is  u se d  to o  a  
s c i n t i l l a t i o n  c o u n te r  em ploying an  io d id e  c r y s t a l  -f" diam . x  -f" 
lo n g  s i t u a t e d  ab o u t 10" from  th e  t a r g e t ,  A beam swing o f  + -J" 
would cause e r r o r s  o f  o r d e r  ±  2 ^  a t  t h i s  d i s t a n c e .  S c a t t e r e d  
Y - r a y s  from  th e  main c r y s t a l s  t o  th e  m o n i to r  would n o t be 
im p o r ta n t  ( th e  main c r y s t a l s ,  and th e  m o n i to r  were on o p p o s i t e
s id e s  o f  th e  t a r g e t ) .
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j?*ig 41 e x c i t a t i o n  c u rv e ;  app rox im ate  t h i c k
t a r g e t  y i e l d  a s  a f u n c t i o n  o f  hom harding e n e rg y  
f o r  th e  p r o to n  c a p tu r e  r e a c t io n *
93 —
The d i s c r im in a to r s  a c t i v a t e d  by th e  two m ain c o u n te r s  were 
s e t  t o  r e j e c t  r - r a y s  o f  l e s s  th a n  1 .2  MeV. Thuh a n n i h i l a t i o n  
r a d i a t i o n  f ro m  p o s i t r o n s  a t  r e s t  would be e l i m in a t e d ,  and t h a t  from  
p o s i t r o n s  i n  f l i g h t  and b re m s s t r a h lu n g ,  would be red u ced . Compton 
s c a t t e r i n g  would be av o id ed  f o r  th e  a n g u la r  s e p a r a t i o n s  u se d .
( i i i )  E x p e r im e n ta l  work and r e s u l t s .
A ro u g h  re son ance  curve f o r  t h e  t h i c k  t a r g e t  y i e l d ,  a s  a  
f u n c t i o n  o f  t a r g e t  c u r r e n t  m easured  on an  i n t e g r a t o r  i s  shown i n  
f i g .  41. The y i e l d  i s  th e  mean o f  t h a t  m easured  by th e  two main 
c o u n te r s  b i a s s e d  a s  i n  ( i i ) .  The 162 KeV re so n a n c e  a p p e a rs  t o g e t h e r  
w i th  th e  subseq^uent ' s lo w ly  r i s i n g  y i e l d  a s s o c i a t e d  w ith  th e  h ig h e r  
r e s o n a n c e s .
Y - r a y  a n g u la r  c o r r e l a t i o n s  were c a r r i e d  o u t  w ith  t h i c k  t a r g e t s  
o f  bo ron  a t  bom barding e n e r g i e s  o f  400 KeV and l a t e r  o f  220 KeV. At 
400 KeV, l e s s  th a n  50^ o f  th e  lo w e s t  re so n a n ce  r a d i a t i o n  was o b ta in e d .  
At 220 KeV ^  94^ o f  th e  r a d i a t i o n  was a s s o c i a t e d  w ith  th e  lo w es t  
re so n a n c e .  The m a in ta in in g  o f  a d e q u a te  beam c u r r e n t  th ro u g h  th e  
sm a l l  a p e r t u r e s  much below  220 K e V , \ e . g . , a t  160 Kevj, appeared  
d i f f i c u l t  and e x p e r im e n ts  were n o t  c a r r i e d  o u t  a t  a  lo w er  v o l ta g e  
t h a n  t h i s .
The c o in c id e n c e  c o u n tin g  r a t e s  im m ed ia te ly  d em o n s tra te d  t h a t  
t h e  4 and 12 MeV r a d i a t i o n s  form ed a  c a s c a d e .  Com parison o f  th e  
r a t e  w ith  th e  s i n g l e  c o u n t in g  r a t e s  e s t a b l i s h e d  f u r t h e r  t h a t  th e  4 
and 12 MeV r a d i a t i o n s  ware a  dom inant p a r t  o f  th e  e m is s io n s  a t  th e s e  
v o l t a g e s .  ^  Y - r a y  m easurem ents by Huus and Day (1 9 5 2 ) ,  o f .  too  
A jz e n b e rg /
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A jzen berg  and L a u r i t s e n  (1952) i n d i c a t e  t h a t  l i t t l e  16 MeV 
r a d i a t i o n  i s  a s s o c i a t e d  w i th  th e  two lo w er re so n a n c e s ! !
As d i s c u s s e d  i n  ( i )  th e  a n g u la r  c o r r e l a t i o n  f u n c t i o n  i s  
g iv e n  by eq.uQtion (2 0 b ) , I f  %  be a s s o c i a t e d  w i th  th e  c o u n t in g  
r a t e  i n  th e  f i x e d  c o u n te r ,  i n  any g iv e n  ru n ,  i t  was found  e x p e r i ­
m e n ta l ly  t h a t  th e  r a t i o  in v o lv in g  o f  co u rse  th e  m o n i to r
c o u n te r  t o o ,  was a c o n s ta n t  w i th in  th e  sm a ll  d r i f t  e r r o r s  o f  th e  
a m p l i f i e r  and d i s c r i m i n a t o r  sy s tem s . The c o r r e l a t i o n  f u n c t i o n  
c o u ld  th e n  be t a k e n  a s  Uc/^A* The c o u n tin g  r a t e s  F and ÏÏ3 were 
a lw ays  m easured  i n  a l l  th e  ru n s  a s  a check , th o u g h  th e  c o r r e l a t i o n  
f u n c t i o n  u sed  was
The y ie ld  a t  th e  220 KeV w orking p o in t  was low and th e  random 
coun t r a t e  /  r e a l  c o u n t  r a t e  r a r e l y  exceeded  5^ ev en  w ith  th e  
l a r g e r  a p e r t u r e .  A t 400 KeV th e  r a t i o  was some 10JÎ -  15^, a c c o rd ­
in g  t o  a p e r tu r e  s i z e .
The work w ith  220 KeV p r o to n s  i s  i n d i c a t e d  f i r s t .  P r e l im in a r y  
m easurem ents  were made u s in g  a f^ d ia m . a p e r t u r e .  L a t e r  m easu re ­
m ents  were made u s i n g  th e  -J" a p e r t u r e .  The r e s u l t s  were s i m i l a r .  
U nder th e  b e s t  c o n d i t i o n s  abou t 30 m in s . ru n n in g  tim e gave ab o u t 
250 c o in c id e n c e s  w i t h  th e  a p e r tu r e  a t  a  s in g le  s e t t i n g  o f  th e  
moveable c o u n te r  o r  ab o u t h a l f  t h i s  number w i th  th e  a p e r t u r e .
I t  was n e c e s s a ry  t o  ta k e  s e v e r a l  ru n s  w i th  th e  f i x e d  c o u n te r  i n  
v a r io u s  p o s i t i o n s  on  th e  c i r c u l a r  t r a c k .  About th r e e  lon g  ru n s  were 
made w ith  th e  a p e r t u r e  and two w ith  th e  ÿ* a p e r t u r e .  F ig .  42 
i l l u s t r a t e s  th e  mean v a lu e s  o b ta in e d  u s in g  th e  r e s u l t s  f o r  b o th
2
k in d s  o f  a p e r t u r e .  The curve drawn i s  o f  th e  f u n c t io n  ( l+ 0 * 3 6 5 c o s ^  
T h e /
I'O
I BO®9  0® 150®120 ®
F ig  43 y-T  c o r r e l a t i o n  u s in g  400kev .p r o to n s  
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g
The e s t im a te d  e r r o r  was ±  .06  eos <p, <pbeing th e  a z i m t h a l  an g le  
o f  one c o u n te r  r e l a t I v e  to  th e  o t h e r .  The b e s t  r e s u l t s  w ith  th e  
s m a l l e r  a p e r tu r e  f a v o u re d  an  a n i s o t r o p y  n e a r  th e  u p p e r  l i m i t .
I t  was n e c e s s a ry  to  check  on th e  s p u r io u s  r e s u l t s  which m ight 
a r i s e  from  s c a t t e r i n g ,  p a r t i c u l a r l y  from  one c r y s t a l  to  th e  o t h e r ,  
th ro u g h  th e  c a u se s  r e f e r r e d  t o  i n  ( i i ) ,  v i z . ,  by a n n i h i l a t i o n  i n  
f l i g h t  and b re m s s t r a h lu n g .  The bombardment o f  L i  by p ro to n s  ^ e l d s  
s in g le  T^rajs o f  14 and 17 Mev o n ly .  A t a r g e t  o f  LiOH was t h e r e -  
bombarded by a  sm a ll  amount o f  p ro to n s  n e a r  th e  lo w e s t  re so n a n ce  
e n e rg y . The c o in c id e n c e  r a t e  E o /%  was o b ta in e d .  I t  was low i n  
th e  r e g io n  180° -  110° b u t  showed a  ten d en cy  t o  r i s e  n e a r  90°, 
where th e  c o u n te r s  a r e  n e a r e s t  t o g e t h e r .  Assuming t h a t  th e  s c a t t e r ­
in g  i n  th e  bo ron  c a se  would be due t o  th e  12 MeV y - r a y  o n ly  ( i n  
v iew  o f  th e  b i a s  a p p l i e d )  and u t i l i s i n g  th e  o b s e r v a t io n s  i n  th e  
r e g io n  110° -  180° , a  c o r r e c t i o n  o f  1^  was made g iv in g  f o r  th e  
mean r e s u l t  ^  38^ a n i s o t r o p y .  ( I n  r e t r o s p e c t ,  t h i s  c o r r e c t i o n  
co u ld  be a s  much a s  3 ^ ) .
The m easurem ents w ith  400 KeY p ro to n s  were o f  a  p r e l im in a r y  
c h a r a c t e r ,  and m o s t ly  done w i th  th e  l a r g e r  a p e r tu r e  ( |^  d ia m .) .
The r e s u l t s  a r e  i n d i c a t e d  i n  f i g .  43. The cu rve  (1 + 0 .2 2  cos 9 ) 
i s  g iv e n  f o r  com p ariso n , ig n o r in g  th e  90° p o s i t i o n .  In  t h i s  c a se  
t h e r e  i s  c l e a r l y  a  d e c re a se  i n  a n i s o t ro p y  and ev id en ce  o f  i n t e r f e r ­
ence e f f e c t s  which w i l l  be m en tioned  b r i e f l y  below. T h is  ca se  w i l l  
n o t  be r e f e r r e d  t o  q u a n t i t a t i v e l y  a s  knowledge o f  th e  h ig h e r  
re so n an ce  s t a t e s  i s  req .u ired .
I n  i n t e r p r e t i n g  th e  r e s u l t s  s e v e r a l  p o i n t s  have t o  be borne
i n /
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i n  m ind, (a )  th e  i n c l i n a t i o n  o f  th e  Y -rays p a s s in g  th ro u g h  th e  
c r y s t a l  c e n t r e s  i s  lO O ^ re la t iv e  t o  th e  beam d i r e c t i o n ,  (b) a l lo w ­
ance h a s  t o  be made f o r  th e  s o l i d  an g le  su b ten d ed  by th e  c r y s t a l s ,  
(o) th e  v o l ta g e  i s  o f f  re so n a n c e .  R e s t r i c t i n g  a t t e n t i o n  t o  th e  
£20 KeV c a s e ,  c o n s i d e r a t io n  o f  a l l  th e s e  f a c t o r s  makes th e  
a n i s o t r o p y  l a r g e .  C o n s id e r in g  f i r s t  th e  c o r r e c t i o n  ( c ) ,  t h i s  can 
be shown t o  depend on th e  i n t e n s i t y  o f  h ig h e r  re so n an ce  r a d i a t i o n  
( c f .  to o  v i ) ;  a s  th e  amount o f  th e  l a t t e r  a t  220 KeV i s  sm a ll  
( ^  1 / 1 6 ) ,  t h i s  c o r r e c t i o n  i s  a  sm a l l  one . The o f f  re so n an ce
however
c o n t r i b u t i o n  i s  a  f u n c t io n  o f  en e rg y  ( c f .  v i ) ;  i f ^ t h e  r a t h e r  
s im p le  a ssu m p tio n  i s  made t h a t  th e  f a l l  i n  a n i s o t r o p y  t o  400 KeV 
i s  t y p i c a l  a  c o r r e c t i o n  o f  ab o u t 3 ^  co u ld  be e x p e c te d  from  t h i s  
c a u se .  T h is  makes th e  mean a n i s o t r o p y  which would have been  
m easured  a t  a  bombarding en e rg y  o f  160 zev  /^41{& o r  i n  th e  n o t a t i o n  
o f  B ied en h a rn , A rfk en  and Rose (1951)
W(100°, 100° , (p) = 1 + 0 .4 1  eosRp.
The c o r r e c t i o n  ( b ) ,  y e t  t o  be a p p l i e d ,  depends on th e  assumed 
t h e o r e t i c a l  c o r r e l a t i o n  f u n c t i o n  ( c f .  b e lo w ) . The d i s c u s s io n  i s  
i n i t i a t e d  below :
( iv )  I n i t i a l  c o n s i d e r a t io n  o f  r e s u l t .
11 ( )
The s p in  o f  B i s  3 /2  (Gordy, Ring and Burg (1948) ) g iv in g
r i s e  on p r o to n  c a p tu re  t o  ch an n e l s p in s  o f  1 and 2 . The y - r a y
a n g u la r  d i s t r i b u t i o n s  a t  th e  t im e (§ 2 i )  s u g g e s te d  t h a t  th e  C^z
s t a t e  formed was p ro b a b ly  o r i e n t a t e d .  I t  was o f  i n t e r e s t  however
t o  compare th e  r e s u l t  i n  th e  f i r s t  in s ta n c e  w i th  th e  s im p le  y  -  y
doub le  cascade  fo rm u la  (1 2 c ) ,  t r u e  f o r  S wave p r o to n s ,  (and i n  
s p e c i a l /
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s p e c i a l  c a s e s  o n ly  f o r  h ig h e r  wave p r o to n s  ( c f .  b e lo w )) .  C o n s id e r­
in g  o n ly  d ip o le  and g u ad rap o le  t r a n s i t i o n s  le a d in g  t o  a  g round  s t a t e  
o f  s p in  0 ,  o n ly  th e  t r a n s i t i o n s  E-D-E-Q-0 and 2-Q-l-D-O g iv e  c o r r e ­
l a t i o n s  a p p ro x im a tin g  th e  e x p e r im e n ta l  v a l u e ,  b o th  g iv in g  
1 +3/7 cos^ô^ where i s  th e  an g le  betw een  th e  r a y s .  ( o f .
H am ilto n  1940). M oreover th e  t r a n s i t i o n  2-Ql-D-O i s  l e s s  fa v o u re d  
th a n  2 -d - I -d -O  and can  be s e t  a s i d e .  The p r e d i c t e d  a n i s o t r o p y  f o r  
th e  e x p e r im e n ta l  a rrangem en t (betw een 9 ■ 90° and ç « 1 8 0 ° ) ,  a l lo w ­
in g  f o r  th e  i n c l i n a t i o n  e f f e c t  (a )^ a n d  s o l i d  an g le  e f f e c t  ( b ) ,  
r e f e r r e d  to  above (o f .  eq.n. (1 9 e ) ,  f o r  th e  2-Q-2-D-0 t r a n s i t i o n  i s  
o n ly  3 5^ . The e x p e r im e n ta l  r e s u l t s  a t  re so n an ce  in d i c a t e  a  h ig h e r  
a n i s o t r o p y  th a n  t h i s .  C ap tu re  o f  h ig h e r  wave p ro to n s  l e a d in g  to  
an o r i e n t a t e d  16 MeV s t a t e  h a s  t h e r e f o r e  to  be c o n s id e re d ,  and th e  
more g e n e r a l  th e o ry  o f  t r i p l e  cascade  p ro c e s s e s  h a s  t o  be invoked .
(v) T r i p l e  cascade  p r o c e s s e s .
The work d e s c r ib e d  i n  th e  i n t r o d u c t i o n  § 4 .  ( i )  h a s  t o  be 
ex te n d e d  to  in c lu d e  th e  case  o f  two y  - r a y s  i n  cascade fo l lo w in g  
p a r t i c l e  c a p tu r e .  The d e r i v a t i o n  o f  eq_ns. (2 1 a ) ,  (21e) below  i s  
e s s e n t i a l l y  due t o  B ied en h a rn , A rfken  and Bose (1951). The e s s e n t ia l  
l in k a g e  o f  th e  p r o c e s s e s  w i th  th e  m u l t ip o le  o r d e r  ap p ro ach  g iv e n  i n  
th e  i n t r o d u c t i o n  seemed however w o rth  p o in t in g  o u t .  Taking th e  
in c id e n c e  d i r e c t i o n  o f  th e  p a r t i c l e  a s  Z a x i s  o f  q u a n t i s a t i o n  a s  
b e f o r e , ieq.n. ( l i b ) ) g iv e s  th e  p o p u la t io n  d e n s i t i e s  o f  th e
s t a t e s  (3]^m^) o f  th e  n u c le u s  fo l lo w in g  c a p tu r e .  L e t ( jgmg) and 
( ^ 3 ^  ) deno te  th e  a n g u la r  momentum and z momentum r e s o l u t e  o f  th e  
s t a t e s /
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S t a t e s  fo l lo w in g  e m is s io n  o f  th e  s a o o e s s iv e  q . n a n t a ^  ^^1*^1^ 
and o f  m n l t ip o le  o r d e r s  and £3 r e s p e c t i v e l y .
Remembering th e  mode o f  d e r i v a t i o n  o f  eq^ns. (12a) and (1 2 b )th e  
chance W o f  a  c o r r e l a t i o n  f o r  th e  g iv e n  t r i p l e  cascade  can  be 
w r i t t e n :  '  ' ' * —  -  • > ^
W  =
V» w
He re  r e f e r s  t o  summation o v e r  th e  m ag ne tic  quantum numbers m^, 
m3 and th e  p o l a r i s a t i o n s .  The ^ m ^  summation e z d i ib i t s  th e  
co h e ren cy .
The f i r s t  m a t r ix  e lem ent i n  ( 2 1 a ) , f o r  in s t a n c e  c o n ta in s  th e  
f a c t o r  ( I j gyg)* G o e r tz e l  (1946) h a s  shown t h a t .
C. ( ii Jv^w) . ^
where C i s  a  c o n s ta n t  and  ^ ^ a r e  th e  (mg-m^) , p ,
e le m e n ts  o f  th e  r o t a t i o n a l  g ro u p :
The eqn. (21b) co rresp onds  to  th e  eqn. :
^  I Hi?Wi ^fc— 3\
u se d  in  d e r iv in g  ( 12c) and shows th e  s i g n i f i c a n c e  o f  th e  D e lem en ts  
i n  r e l a t i o n  to  th e  i n t e n s i t y  f u n c t io n s  ?  o f  th e  m u l t ip o le  f i e l d s .
The f i n a l  fo rm a l e q n . , d e r iv e d  by B ied en h arn , A rfken  and Hose (1951% 
ta k in g  = 0 , and <f2 may t h e r e f o r e  be w r i t t e n :
iV.'pl (2IO
(t1 ) ClseusslozL.
A s/
-  99 -
As shown in  ( i v ) ,  th e  p o s s i b i l i t y  o f  p wave c a p tu r e  h a s  t o  be 
c o n s id e re d .  C om bination  w i th  th e  ch an n e l  s p in s  1 and 2 can  y i e l d  
o r i e n t a t e d  s t a t e s  "  1 , 2 ,0 .  T h is  s t a t e  i s  b e l i e v e d  t o  be 
th e  same a s  t h a t ,  a s s o c i a t e d  w i th  th e  same re so n a n c e ,  w hich g iv e s  
an  o(,and Be® n u c le u s ,  t h i s  l a t t e r  g iv in g  two ^ p a r t i c l e s .  The Be® 
n u c le u s  must t h e r e f o r e  have ev en  p a r i t y ,  I c f . , e . g . ,  F erm i (1 9 5 0 )) ,  
and t h e r e f o r e  even  s p in .  The C^g s t a t e  in v o lv e d  would th e n  have 
even  J  and even p a r i t y  o r  odd J  and odd p a r i t y .  From th e  p a r i t y  
o f  B^^, th e  o n ly  s t a t e  which can  be e x p e c te d  from  \  wave p ro to n s  
i s  a  2*^  s t a t e .
The cho ice  o f  th e  ch an n e l  s p in  r a t i o  and in t e r m e d ia te  s t a t e  
rem a in s .  Taking i n t o  acco u n t th e  fo rb id d e n n e s s  o f  th e  16 MeT 
r a d i a t i o n ,  th e  in te r m e d ia te  s t a t e  c o u ld  in v o lv e  o n ly  Jg = 1 ,2 ,3 .  
Eqn. (21c) h a s  been  e x p l i c i t l y  d e te rm in e d  f o r  a  2-D -2-Q -0 t r a n s ­
i t i o n  by B ied en h arn , A rfk en  and R o se , and th e  c o m p u ta t io n  confirm ed  
h e r e .  Rot c o r r e c t i n g  f o r  s o l i d  a n g le ,  th e  t h e o r e t i c a l  v a lu e
a p p r o p r ia t e  i s ;
W(100*, 100*,9) = (42 . 6 -29 . I x )  + (C .4+0. 6x )cos9  + (O. 7*^21. 2x)cos^9
r  /  )) (22a)
where 2  i s  th e  ch a n n e l s p in  f a c to r V o < l ( l ) / ( c ^ ( l )  - f o i ( 2 ) ) r i n  th e  
n o t a t i o n  o f  eqn. ( l i b ) .  The te rm  i n  cos  9 i s  a  sm a l l  one. The
a n is o t r o p y  r a t i o  R betw een  th e  v a lu e s  a t  180° and 90° i s  th e n  
g iv e n  by R z 1 + ( 2 0 .6x + . 3 ) / ( 4 2 . 6  -  2 9 . Ix )  (2 2 b ) .
Making an  approx im ate  c o r r e c t i o n  f o r  th e  s o l i d  a n g le  e f f e c t  
r e f e r r e d  t o  a s  ( b ) ,  on l i n e s  d i s c u s s e d  i n  S 1 , th e  o b se rv e d  r a t i o  
would be l e s s ,  v i z . ,  R^. R and R^ in c r e a s e  w i th  2 . Some v a lu e s  
o f  R and R^ a r e  g iv e n  by;
2 /
— 100  —
X s .50 .5 5 .60 .6 5 .70
B = 1 .3 8 1 .4 3 1 .50 1 .5 8 1 .66
= 1 .3 5 1 .40 1 .4 6 1 .53 1 .6 1
The ease  x  = .50  i s  t h a t  c o n s id e re d  a l r e a d y  i n  ( i v ) ,  th e  
m ag n e tic  s u h s t a t e s  o f  th e  i n i t i a l  s t a t e ,  = E, b e in g  th e n  
e q u a l ly  p o p u la te d .
I f  th e  f ig u r e  o f  41^ be t a k e n  ( c f .  to o  l a t e r )  f o r  th e  
a n i s o t r o p y  and i f  th e  e r r o r  l i m i t  f o r  t h i s  re so n an ce  e s t im a te  
be k e p t  a s  narrow  a s  6^ , th e  2-D -2-Q -0 t r a n s i t i o n  cou ld  be 
p r e d i c t e d ,  w i th  a  ch an n e l  s p in  f a c t o r  x  o f  r^ O .5 6  ± #05, th e  
b e s t  r e s u l t s  i n d i c a t i n g  th e  g r e a t e r  l i k e l i h o o d  o f  th e  f a c t o r  
b e in g  n e a r  th e  u p p e r  v a lu e  0 . 6 1 , (and c o n s id e r in g  th e  s c a t t e r i n g  
c o r r e c t i o n ) .
In d e p e n d e n tly  a n g u la r  c o r r e l a t i o n  m easurem ents were p u b l i s h e d  
by H ubbard, R e lso n  and Ja c o b s  (1952) f o r  two d i f f e r e n t  p l a n e s ,  
d i f f e r e n t  from  th e  above , a g re e in g  w i th  a  2-D -2-Q -0 t r a n s i t i o n  a s  
above and p e r m i t t in g  . 1 ^  x ^ l  and .4  ^  x  ^ . 8 5  r e s p e c t i v e l y ,  
v i z . ,
W (e^,0) = 1 + (0 .3 9  i  0 .1 5 )c o s ^ f î l
w(e. ,11) = 1 (0 .2  + 0 . 1  )cos^0nJ- ?.
i n  th e  n o t a t i o n  o f  B ied en h a rn , A rfk en  and Bose (1951).
They a l s o  gave a n g u la r  d i s t r i b u t i o n  r e s u l t s  f o r  th e  12 MeV 
Y -ray a g re e in g  w i th  a  2-B -2-Q -0 t r a n s i t i o n  b u t  r e q u i r in g  x  t o  
be betw een 0 .6 6  and 0 .7 4 ,  v i z . ,  th e  d i s t r i b u t i o n
1 + (0 .2 3  + 0 .04 )005^01  ( )
(o f .  ( i )
The - p a r t i c l e  d i s t r i b u t i o n  i n  th e  (B^^p Be®ei) r e a c t i o n  s tu d ie d  
b y /
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by Thomson, Cohan, F ren c h  and H u tc h is o n ,  i n d i c a t e s  a  2-h-2r*^-0 
t r a n s i t i o n  w i th  x  n e a r  0 .7 .
The a n g u la r  d i s t r i b u t i o n  o f  th e  16 MeV r a d i a t i o n  h as  been
( , )
anom alous, b e in g  n e a r  t o  i s o t r o p y  n e a r  re so n an ce  ( c f .  ( i ) ) ,  i n s t e a d  
o f  b e in g  a n i s o t r o p i c .  I t  h a s  been  examined by R u th e rg le n ,  G ra n t ,  
F la c k  and Deukars (195 4 ), th e  ab no rm a lly  low a n g u la r  d i s t r i b u t i o n  
h a s  been a s s o c i a t e d  w i th  th e  i n t e r f e r e n c e  betw een  th e  r a d i a t i o n s  
from  th e  h ig h e r  re so n a n c e s  d eve lo ped  a t  162 KeV.
I t  i s  d e s i r a b l e  i n  c o n c lu s io n  to  i n d i c a t e  how an a n g u la r  
c o r r e l a t i o n  o f  th e  above ty p e ,  a s s o c i a t e d  w i th  a  r e a c t i o n  p ro d u c t  
c o n t r a s t s  w ith  t h a t  from  a  r a d i o a c t i v e  s o u rc e ,  and t o  i n d i c a t e  
q u a l i t a t i v e l y ,  f o r  th e  sake o f  b r e v i t y ,  i t s  r e l a t i o n  to  bombarding 
e n e rg y .  I t  sh o u ld  be m entioned  f i r s t  t h a t  i n  th e s e  ex p e r im e n ts  
l i t t l e  p r o to n  s c a t t e r i n g  o c c u rs  and th e  p r o to n s  t r a v e l  a p p r o x i ­
m a te ly  i n  th e  i n i t i a l  d i r e c t i o n ,  u n t i l  w e l l  below th e  lo w es t  
re son an ce  e n e rg y . F o r  a  t h i n  t a r g e t ,  o r  f o r  a  t h i n  t a r g e t  e lem en t 
o f  a  t h i c k  t a r g e t ,  i n  t h i s  bo ron  c a s e , more th a n  one compound 
n u c le u s  c o n t r i b u t e s  g e n e r a l l y  t o  th e  e m is s io n  o f  y  - r a y s .  Thus f o r  
a  t h i n  t a r g e t  a t  200 KeV, sa y ,  c o m p e t i t io n  a r i s e s  betw een th e  two 
h ig h e r  re so n a n c e s  w i th  ev e ry  s in g le  p ro to n  a t  c a p tu re  ; i n t e r ­
fe re n c e  o c c u rs  and th e  a n g u la r  c o r r e l a t i o n  a s s o c i a t e d  depends on 
th e  am p litu d e  and th e  phase  o f  th e  two s t a t e s  c o n t r i b u t i n g .
F o r  a  t h i c k  t a r g e t ,  each  t h i n  t a r g e t  e lem en t g iv e s  i t s  q u o ta  
in d e p e n d e n t ly ,  s in c e  th e  y - r a y  energie^s d i f f e r ;  th e s e  q u o ta s  
from  th e  i n d i v id u a l  e le m e n ts  add in  an : i n t e n s i t y  f a s h io n  (a s  
opposed t o  am p litu d e  ) .  S ince  th e  r a d i a t i o n s  from  220 KeV p r o to n s  
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on a  t h i c k  t a r g e t  a re  p re d o m in a n t ly  from  th e  resonan ce  en e rg y ,  th e  
c o n t r i b u t i o n s  from  th e  h i g h e r  bom barding e n e r g ie s  a re  o f  o n ly  sm a ll  
e f f e c t  a s  h a s  been  s t a t e d  e a r l i e r .  W ith  400 EeV p ro to n s  on a  t h i c k  
t a r g e t  th e  r a d i a t i o n  from  th e  16E KeY re so n a n ce  w i l l  p roduce i t s  
c h a r a c t e r i s t i c  a n i s o t r o p y ,  b u t  su p erp o sed  w i l l  be th e  c o n t r i b u t i o n s  
by i n t e n s i t y  from  th e  i n d i v i d u a l  t a r g e t  e le m e n ts .  One l a s t  p o i n t ;  
th e  r a d i a t i o n  e m i t te d  a t  th e  lo w e s t  re so n an ce  e n e rg y  r e g io n  i t s e l f  
w i l l  c o n ta in  a  v e r y  sm a ll  c o n t r i b u t i o n  (r^ 1 /2 5 0 )  from  th e  h ig h e r  
r e so n a n c e s  t h e r e ,  p ro d u c in g  a  sm a ll  am p li tu d e  ( /^ l / l 6  t o t a l )  
i n t e r f e r e n c e  ; no r e g a rd  h a s  been  p a id  t o  t h i s  i n  com paring th e  
lo w er  re so n a n ce  e x p e r im e n ta l  v a lu e s  w i th  e q u a t io n s  (21c) and (2 2 ) .
20  -
10 -
100 150 200 250 300500
Energy in Kev.
Solid curve —Fermi plot of ®’Rb /3-spectrum obtained with activated rubidium 
iodide crystal. . — .— . Fermi Plot obtained by Curran, Dixon and 
Wilson (1951) with the proportional counter.
F ig .  44.
3.03 "
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APPMDIX -  THE EADIOACTIVITT OP Bb (c o n t in u e d )
The en e rgy  d i s t r i b u t i o n  H(W).dW o f  th e  e l e c t r o n s  e m i t te d  I n
P -d e c a y  may be w r i t t e n : -  i
N(W).dW =C.Po(W ,Z).(W ^-W )^(w 2-l)^ .W .dW  (23)
Here Wo i s  th e  maximum p - r a y  e n e rg y ,  and Fo(W ,z) i s  th e  F erm i 
Coulomb c o r r e c t i o n  f a c t o r  f o r  an  a llo w ed  t r a n s i t i o n .  C i s  a  
c o n s ta n t  f o r  an  a l lo w ed  t r a n s i t i o n ,  b u t  i s  i n  g e n e r a l  a  f u n c t i o n  
o f  e n e rg y ,  th e  form  o f  th e  f u n c t io n  b e in g  d e te rm in e d  by th e  ty p e  
o f  i n t e r a c t i o n  and deg ree  o f  f o rb id d e n n e s s  ( c f .  Ferm i (1 9 3 4 ) ,
E o n o p in sk i  and U hlenbeck  (1 9 4 1 ) ,  C re u l in g  (1 9 4 2 ) ) .
F ig .  44 shows th e  Ferm i p l o t ,  ( th e  f u n c t i o n  y ? ( W o  -  w j,  
o f  th e  r e s u l t s  o f  f ig *  15. P o i n t s  n e a r  th e  end  o f  th e  range  a re  
n o t  shown h e r e .  The r e s u l t s  o f  p r o p o r t i o n a l  c o u n te r  work by 
C u rra n , D ixon, and W ilso n  (1951) a r e  shown f o r  com parison . There 
a re  more c o u n ts  a t  th e  h i g h e r  en e rg y  end and l e s s  a t  th e  low er 
en e rg y  end th a n  o b ta in e d  i n  th e  p r o p o r t i o n a l  c o u n te r  work. T h is  
i s  o n ly  to  be e x p e c te d  a s  th e  h ig h e r  ene rg y  p a r t i c l e s  would be 
e f f i c i e n t l y  a b so rb e d ,  and t h e r e  would be no back  s c a t t e r i n g  a t  
th e  low er e n e r g i e s  i n  th e  c r y s t a l .  The end p o in t  i s  i n d i c a t e d  a t  
275 KeV, a s  d e te rm in e d  from  f i g .  15 . (B ecen t r e s u l t s  by MoCregor 
and W iedenbeck (1954) u s in g  a  l e n s  s p e c tro m e te r  a c c o rd  above abou t 
70 KoY  ^ The t o t a l  c o u n t in g  r a t e  above 1 7 .4  KeV was found u s in g  
a p p r o p r ia te  p a r a l y s i s ,  a s  i n d i c a t e d  p r e v io u s ly .  A llow ing  f o r  l o s s  
o f  p ro p e r  c o u n ts  th ro u g h  th e  p o s s i b i l i t y  o f  c o in c id e n t  a r r i v a l
w i th in  th e  p a r a l y s i s  t im e  ( 0 - 3  m i l l i s e c o n d s ) ,  1975 c o u n ts  p e r  
m inute  were o b ta in e d  from  th e  c r y s t a l  o f  w eigh t 0 .1 487  gms. 
E x t r a p o l a t i o n /
N
/PWfC,
W
Fig* 45. Xdns£riBatlon of the Fermi p lo t  for 
on Introducing the eorreetion fa c to r  Cg,
-  104 -
E x t r a p o l a t i o n  t o  z e r o  e n e r g y  a l o n g  t h e  d o t t e d  F e r m i  p l o t  (w h ic h  
a c t u a l l y  i n c l u d e s  t h e  p o i n t  n e a r  13 KeV) i n v o l v e s  a n  e x t r a  600 
c o u n t s / m i n .  The a b u n d a n c e  f i g u r e  i s  27 .2^^  g i v i n g  a  h a l f - l i f e
f i g u r e  o f  (5*90  ±  0 . 3 ) 1 0 ^ ^  y e a r s .  ( R e c e n t  r e s u l t s  o f  F l i n t  a  and  
E k lu n d  (19 5 4 )  a c c o r d  t o o  w i t h  t h f o ^ f ^ u r ^
The t r a n s i t i o n  h a s  a  l o g  f t  v a l u e  t h e r e f o r e  o f  1 7 . 5  i n d i c a t ­
i n g  a  t h i r d  f o r b i d d e n  t r a n s i t i o n .  The n u c l e a r  s p i n  change  i n  t h e  
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d e c a y  Rb —^  S t , v i z . ,  3 / 2  9 / 2  a g r e e s  w i t h  t h i s .  On t h e  s h e l l
m o d e l  a  p a r i t y  ch a n g e  ( p ^ / 2  - ^ g ^ / 2 )  i s  e x p e c t e d .  P s e u d o  s c a l a r  
i n t e r a c t i o n  (3P)  i s  t h e n  n o t  p o s s i b l e .  C a l c u l a t i o n s  u s i n g  t h e  
f o r m u l a e  o f  O r e u l i n g  (1 9 4 2 )  e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  s c a l a r  
i n t e r a c t i o n  (3S )  a l s o .  The d e t e r m i n a t i o n  o f  C i n  g e n e r a l  i n v o l v e s  
some know ledge  o f  t h e  n u c l e u s .  Tokozowa, Umezawa a n d  ï ïa k am u ra  (1952) 
p r o p o s e d  t h a t  p o l a r  v e c t o r  (3y ) o r  t e n s o r  i n t e r a c t i o n  (3T) a l o n e  
g a v e  good  f i t s  w i t h  t h e  e x p e r i m e n t a l  d a t a .  They d e d u c e d  ( u s i n g  one 
p a r a m e t e r )  a  c o r r e c t i o n  f a c t o r  Cg s u c h  t h a t ) p l o t t e d  
a g a i n s t  (Wo -  W) d i f f e r e d  l i t t l e  f r o m  a  s t r a i g h t  l i n e  ( c f .  P h y s i c a ,
( 1 9 5 2 ) ,  1 1 6 6 ) .  A p p a r e n t l y  t h e r e  i s  a n  e r r o r  o f  c a l c u l a t i o n  i n
( ) 
t h e i r  w ork  ( c f .  M cG regor  a n d  W ie d e n b e c k  ( 1 9 5 4 ) ) .  U s i n g  r e v i s e d
v a l u e s ,  an d  a  p a r a m e t e r  v a l u e  d e d u c e d  o n  t h e o r e t i c a l  g r o u n d s  by
Yamada (19 5 3 )  l i n e a r i z a t i o n  o f  t h e  p l o t  i s  p o s s i b l e ,  a s  shown i n
f i g .  4 5 .
I n  c o n c l u d i n g  t h i s  a p p e n d i x ,  i t  s h o u l d  be m e n t i o n e d  t h a t  
m e a su re m e n t  o f  s t r o n t i u m  c o n t e n t  e n a b l e s  age  d e t e r m i n a t i o n s  t o  be 
made on  t h e  b a s i s  o f  t h e  Rb®*  ^ l i f e t i m e  f i g u r e ;  e . g . , t h e  a g e  o f
9
l e p i d o l i t e  b e d s ,  am o n g s t  t h e  o l d e s t ,  c a n  be a s s e s s e d  a t  2 x  10
y e a r s ( c f .  S t r a s s m a n  a n d  W a l l i n g  (1938)
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